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Abstract

Project Code : MRG5980065

Project Title: Organo-Functionalized Superparamagnetic Graphene Oxide

Particle for Selective Removal of Pharmaceutical Residues in
Wastewater via Aqueous-Phase Adsorption

Investigator Panida Prarat

King Mongkut's University of Technology North Bangkok
E-mail Address: panidap@sciee kmutnb.acth

Project Period: 24 months

In this study, the pristine meagnetic graphene oxide (GO-SP), magnetic
mesoporous silica-magnetic graphene oxide (GO-SP-SiO2 and amino-functionalized
mesoporous silica-magnetic graphene oxide (GO-SP-A-SiO2 nanocomposites were
synthesized and used for oxytetracycline (OTC)and sulfamethoxazole (SMX)compared
with the pristine meagnetic graphene oxide (GO-SP). The synthesized nanocomposites
were characterized through different analyses, namely XRD, XPS, FT-IR, SEM, TEM,
VSM, BET, and pHpzc. Various factors like the effects of the contact time, initial
concentration and influence of the pH and on the oxytetracycline (OTC) and
sulfamethoxazole (SMX) uptake, were investigated.

Results indicated that kinetic data showed good correlation on the basis of the
pseudo-second-order model. Adsorption results exhibited that the mesoporous silica-

magnetic graphene oxide nanicomposites (GO-SP-SiOz and GO-SP-A-SiO») adsorbed the
SMX/OTC molecules more effectively than the pristine magnetic graphene oxide (GO-
SP). Isotherm data of OTC on GO-SP-A-SiO. was described well by the Freundlich
model while the equilibrium data of SMX adsorption fitted well to the Langmuir model.
Adsorption of SMX/OTC on these adsorbents was found to be strongly dependent on
pH. At high pH, the solution had significantly impaired the then declined capacity of
SMX/OTC adsorption. Electrostatic repulsion occurred between the dissociated
adsorbates and the more negatively charged GO-SP-SiO2 GO-SP-A-SiO> at basic pH.
Adsorption mechanisms were plausibly activated by H-bonding, n-n interactions, and

electrostatic interactions dependent upon the status of adsorbates and the pHpzc of
adsorbents. This study proved that mesoporous magnetic graphene oxide

nanocomposites could be utilized as an efficient and magnetically separable adsorbent
for tetracycline antibiotics.

Keywords: Adsorption, Oxytetracycline, Sulfamethoxazole, Magnetic graphene oxide
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Tuunasin @ 9 luqumuLLa:@lwwﬁiiw%ﬁ IsamuqmmmﬁmﬁmmLfluLma'ﬁJéiazlms
anenenefiday LﬁaaaﬂﬂﬁﬁwﬁoﬁﬁﬂawmLﬁuiumaammﬂﬁnmnmlmm"’uga
(IadnIudafas) 1san sruadsinisldouazansandalianatosiia 1gu nau
f15Uznauuaanadaas (alcohol) mjm’]iﬂi:ﬂamwaﬁv[aﬁ (aldehyde) 38Tt
(bio-disinfectant) LLa:aﬁiﬂﬁﬁﬁuﬂuﬂ@;u fluoroquinolones L1 % & % WIEIRSUNIT
TNVINLILNE ms'ﬁﬁmmazm@Lﬂ%iaaﬁaqﬂm:ﬁ ARDAIWNNTINHIAMNURZNA IUB1ANT
@ 9 ﬁlzwummﬂﬁ’mmﬂmim{wLﬁﬂﬂ%mmgwﬁuﬁ’u EehwiﬁLﬁﬂmmmdaqumuﬁ"lmm
JfwiAasensthdadivsinmaandsanaluszavlalasnsudedas winnudutu
ﬁ)z@‘hﬂdﬁﬁﬂﬁamniiomuwﬁmmasmmﬂLL@iﬁalﬁLﬁ@ﬂmUm@iaﬁ?:uuﬂﬁﬁ'@ﬁﬁL?(uvl.@i” N
mMifnsluafanuinansandeanneizInnsaaadszansaiwnsvinusesszuutiiga
idsldunninfasaz 97 [1] wonanuulunaslssing 1w 83iau [2] AUUana [3]
161w [4] 3w [5] ﬁmimwwummwim:mmaammﬂﬁwmﬂmgﬂmmﬁmw

sysuTdnazlunszuutindsztluszauanudutuwi luniudadas luﬂﬁ]ﬁ;‘ﬂ'uiaga



amwmirﬁuazaoﬁmmfﬁﬁUaﬁaaﬁuaﬁi@ﬂﬁww’mm‘lua’?mrmﬁamﬁﬁagll'asi’m‘hr‘f@
1 =} =1 (= U a A a
naafe MIAnsaNuLdnly (occurrence and fate) VadaNIANAINLNTLALILITHA
NENITNATIVILATIER L6 fshuaaﬂ‘m'}ujﬁwm%’umzmumsﬁﬁ@LLazﬂaquI@ﬂwﬂnﬂ'a atl
= v A o o A o D A e LA A ° ' v
LN T IT AU IS A WL T smmmgmmumvlmwmwam:m"tﬂgmswwm NAYNINNS
ﬁT@miL%oyim’]mﬁaaJﬁ\imiw?umui'@]ﬂssuluﬂﬁiﬁ’]ﬁ@m‘mﬂﬁwﬁnﬂmmmﬁu AT
msw”wmmwMIaﬁmiﬁﬁ@mmﬂﬁwmﬂmaaﬂmﬂﬁnL§5a1ﬂIiaaﬂuqmaW%ﬂssuN§@
:‘ 4 Qs > 4 =) é’ Q =)
PRz ITINELIR @aa@ﬁmmLﬁmnﬂqwmﬁaﬂadﬂuaum’lyﬁﬁ]:mmmﬂmzuuunﬂﬁ
(ecosystem) Tun 8411337016 BNAI0E191TH N1IQATUAILAINAIQATY N3
pandiatudugs inaluladwuusn udu lasarduasfanuiniaimuaniagiv
Qmmwﬁ,ﬂmma’aﬁﬁ AN UazINN
& A oA A @ LA ’~ & a o
Wwnitgaaan wdszinalnagslidnisasnadiaeiumidSinmsnsanaisannen
luthuFoanundeds 9 uagluunastiausiumd 39ldsansnssderfiauazdTunm
YAIRITANAIINLIN NALALINURDIWAIDEWUTZINA N8 1a 913197 2-1 LEAIA2D LN
R1IANA19INNLINATIIN UL asuasdUSu 1NN Tl FoA L3 anas T a1

FITNTA LA 31@]3& RINVDIRIIANANINLNL N THAUTR dl%zﬂﬁ 2-1

P @ . o Aa = = ) :
A139IN  2-1 @]qaﬂqdﬁflimﬂﬂ’]\‘]"ﬂ’]ﬂUflﬂuﬂﬁliﬂﬂ‘]ﬂ”]ﬂ')’]uLﬂuvlf]_nulal,%aﬁuﬁlmqﬁ6] lu@l’l\iﬂizmﬁ
[6]

No. Therapeutic class Pharmaceutical Molecular pK, Concentration
weight (ng/L)
1 Analgesics and anti- Acetaminophan 151.20 9.38 7,100-11,400
2 inflammatory drug Diclofenac 296.15 4.20 680-5,500
3 Ibuprofen 206.23 4.40 14,600-31,300
4 Ketoprofen 254.29 4.45 700-1,200
5 Naproxen 230.27 4.15 1,100-5,200
6 Antibiotics Ciprofloxacin 331.35 6.38 170-860
7 Ofloxacin 348.21 5.97, 8.87 890-31,700
8 Sulfamethoxazole 253.27 nd.! 400-2,000
9 Trimethoprim 290.32 6.60 550-1,900
10 Anti-epileptic drug Carbamazepine 236.27 13.90 2,100-6,300
11 Herbicide Clofibric acid 214.50 n.d. 360-1,600
12 Lipid regulator and Bezafibrate 361.83 3.61 1,900-29,800
13 chloresterol lowering Gemfibrozil 250.34 4.70 1,000-6,800
statin drug

" nh.d. means no data.
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Carbamazepine Clofibric acid

317 2-1 lassssamaadiveasssandrsaneiwutesluwnaing sy uasiaaldsn

AUNTZLIWAITNHTINANW

laseomsandsanumaniifrsunisualsundninesdlsznovuaznely
lutanafiazaauuaingaaaiu laun diclofenac waz clofibric acid, T1aWaaaTw ldun
ciprofloxacin Las ofloxacin waz/msafimmnalsloadnlulasiau (heterocyclic nitrogen)
éwn ciprofloxacin, ofloxacin, sulfamethoxazole k&% carbamazepine ﬁ’]lﬁ’ﬁ’liﬂéj&l‘ﬁﬂaﬂ
ganulusssumansanszuiumInsiianldein Snuissnansududuasenuin 159
ﬂm‘“@ﬁwLﬁmda"lﬂluﬂmqﬂum%mﬂIuIaﬁma%’amw (biological treatment) SI4AL
ATTUIUNINMIAR LA AENT R1N1T0RNTAa1TANA19 NN Iewlatasu1nnsSed
UszAnSn wnisinea (removal efficiency) 61 [6, 7] lagianizagnefsansananganeni
mululuianaiiazaauvassigasaiu ldun diclofenac uaz clofibric acid wiafliainalsles
aanlulasian (heterocyclic nitrogen) loun ciprofloxacin, ofloxacin, sulfamethoxazole
Wae carbamazepine (Eﬂﬁl 1) azpndasaaudinydunidlasin asandanemany
mﬁ@iﬁaﬁuﬁnﬂﬁﬂum@%%aﬁ%yjﬂﬁuaﬂ%a (carboxy! group) sﬁaLﬂuﬁw@iaqa%wﬁ‘lﬂu

o s = v =) a o J ' .
NITUIBNIIUIUANIITININ LLN'ﬂz&I\‘i"I%'J"ﬂEIU'NﬂQN‘Sﬁ_JI'J'] membrane bioreactor (MBR)
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aan ke [27]
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LAgInuMslEnTAnaan loalun13ninae larzritnaanainii W Pb, Cu, Cd, Zn, Ni, Co
[33-33] 119@& [34-37] LazHN1IARITANAIIANNYT LT tetracycline oxytetracycline and
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v
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wanannit LﬁaLﬁwgwgﬂﬁﬁﬁuﬁﬁamnﬁﬁu uazgslunisnszansarluignie
ssazans 39laimswanaanansuuuaeulnaniu do Muaaausainlueanlod
wunitlng uaziwlowesadant (mesoporous silica) Werefn Wasamulawasadani
3%a HMS Laz SBA-15 Lﬂ%’?ﬁ@;é’fiﬁmﬁﬁﬁuﬁﬁﬁﬁLW’lzqaluﬂiN 600 919 1,200 @131
wavniu lassadadsznaudingniunsinizuan Suszanasgngug F9fnnumanzay
lunmafuinaslinelu Favihldauissluagiuldviandszgndldaasassu (support)

1 AI J I Qs L
vl nansasnensg anndedin [19-21] uaztdueQa Ty (adsorbent)

add

nIFaTERaInaIgadunuaanlndnainaivinldnaieds (gu 359 1
Faaneininaonlodaidi SuWIAUTwYaImTUSENOUIAEN 1T LRENTaIWG LKEN
ana'lsd vunfAunesnladigsinszilea Vl,ﬁl,ﬂunﬁﬂuaaﬂvl,mﬁﬁﬁﬂmaw”@l,l,&imﬁﬂ
Mniwilfasundaielidefanumlanesadanlasldi5lea-19a (sol-gel method)
srununslrauioulun1sAfin (hydrothermal treatment) muﬂs:nauﬁéfmwmuag 3
#1uA WARITANN (silica source) R13ABLATIRINY (structure-directing agent) Foduas

a

8ALIIFIRY (surfactant) uazltnsenvalunisssdisonlaleslafavasunasdaniuas
AAULAWLT T (condensation) LA aLTondadan oW usloaanioun (=si-0-si=,
siloxane bond) awtAatdulassaredaniidasnis 3547 2 maaTouagniauanilng
YU LT ot mﬂﬁ?uﬁﬂmié'amiﬁ:ﬁmiﬂjwa%’aﬁ?jﬁmmﬁauagmﬂLLaJﬂﬁ'lmT i'a@;ﬁvlﬁﬁ

anweliln core-shell structure 3MNWBINYINNNTLARaLGILNTIRRaAN Lorer LT 14614

HNO3

treatment

microsphere

COOHOH COOHOH

OH COOH OH COOH

Q Fes;0amicrosphere
I Graphene
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dafa (grafting) tlun1saanavsitaNedngaa A Lo il §sodferunulas
A AA \ € a A6 . . A o A o €
LLaaﬂE]ﬂﬂ%ﬂ%ﬂ&l%ﬂﬁdﬂ‘lmauﬂiﬂ (trialkoxyorganosilane) AdaIn15tun1ESNANTS
(reflux conditions) UaIdIvaza1LBUNTY 13U Ingdu uaz 2) 3M19a39 (direct method)
A o . = . a Aa . & @
#38AUAUTTUIIN (co-condensation) tTunslalasuasaandloiauninygWeiou
Suﬂ%‘ﬁﬁﬁadmiw%ulum"’umamﬁmﬁ'umiﬁ%'\imezﬁﬁaﬂma@@éﬁ'ﬂéﬁﬁu i L lowasa
Aaa A A a Ae A 1 1 1 6 v A A 6 v 1 a
F8n1 SsnmadToufisunwidefdiuunudt nmslanyWeiduduniddinidada
(grafting) azlilassaraduszidovainnndy uazawnsndsulTinamyWaiTuounui e
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Graphite Oxide (GO) Functionalized GO

A . ' A . & a A6 & a ~ &
Elh’l 2-6 LLN%J_]']WE’JEJ'N\‘]']El°llaﬂﬂ’]i@]a@@%%ﬁﬂﬂﬁuauﬂjﬂuuwqumaﬂLLﬂjwuaaﬂvLsﬁ@
[30]

CI-SIR,
or
R'O-SIR,
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HN(SIRs),

P> I ' A ' &€ v A A € & A @ Aaa
gﬂ‘n 2-7 LLNu.ﬂ’]‘WE]EJ’]\‘N’IEl‘llax‘iﬂ’ﬁ@]a@@ﬂﬂﬂﬂﬂﬁ%auﬂiﬂﬂuwuw’ﬁlﬂdLNI‘IT‘WE]?’&‘ERT’H

24 nﬁs@ﬂ%u (Adsorption)
m:mumsgwﬁuLﬂumzmuﬂwsﬁlﬁmnmsﬁﬁaamiaanmﬂmiazmwmmm
wIam I@ymﬁ'mﬁ'ﬂmsmimﬁiauﬁwﬂmamﬂaoﬁagﬂgwﬁh (Adsorbate) 3103 N1A
PasraInsonns lg33gniauasunds sﬁdﬁﬁaﬁa@@ﬂmasﬁb (Adsorbent) ¥inlklAan1s
ATANVBIAINAATUUAIVRIGINANQaTY UTngnisiainaiifinanusifige
s:mwa;uamsﬁ'uﬁ?uﬁiﬁa@T’Jﬂmag@sﬁ'mmﬁag@mmmLmu"l,ﬁaamﬂu 2 Uszian laun
WIIAIQANIINIENTW (Physisorption) UAZUIIAIQANTILAL (Chemisorption) LIIAIAANT
mﬂmwifmzlﬂmwmauﬁwéammdnimaa%ﬁuLaqamadmmi LL&Z%%J;WGTT“I%/LU%
ﬁuﬁﬁaé’anmagm%’u funsnaadtuisitestuninfad Ao miaadszning
lavsaalatanavasuass LLazﬁuﬁﬁamao@ﬁnawagﬂsﬁ'v m:mumsgwﬁ'uftazvlajiwﬁa
ﬂ‘izmumimsmﬂmﬂauﬁv{uﬁ’; (Surface precipitation process) WIDNTZUIWNITNOALNE
|51 (Polymerization process) %aﬁﬂmﬂvlsjmma?m:qvlﬁf@ auwina lnfivin e
L°1T;J°ﬁu°uaamia(ﬂaavl,ﬂifw,ﬁ@mnm:mumig@eﬁ'u ATELIUMIWBALNE bILTTY BI897N

NIZLIBNIIOU G U2 D19138NNIZUIUNTHIN sorption process
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2.4.1 AaNBUENIAATY
ansaznIgagsuLtandn 2 anwae Aa N1IQATUNIINNBAN (Physisorption)
%] = . .
UaENIQATUNNLAL (Chemisorption)
1) ﬂﬁi@ﬂ‘ﬁ'ﬂﬂ'}\?nﬁﬂn’lw (Physisorption)
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snansnifiansaudy (Desorption) Meldamnndidnani
2) N1IAATUN19LAK (Chemisorption)
L= a a J Q./dai a a Aaan = g o
ms@mjmmLﬂumwuvlqumwnuuga lagfadfAsonadseninainais
gwﬁ'uﬁ’uimaqamaaﬁagﬂgwﬁ'u ﬁw"’uﬁ:mﬁLﬂuLLso’Lumig}@sﬁ’u Inmsvianaunsidamited
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FZAINN0LABUNIONFUBLABULAN usrinisIasavazaanluiiduwardsznavulnaawin
% a o & Aaaa { a & | % > 1 v ., .
lagdnifianisgaduuuusudon dfasoriifatuduuoudunavlald (ireversible)
e { a J { Aa & va & 1 = [-%
NI NAAT WAz TNITLaNLURUWBLANATOWRI AN NI TBLANATAUIINAK MIQATUN
v = Q v Q Q q’ﬂ/ Q g 5 =)
LATdB9ANAINUN TG MIQATUANBULHIATINIQATUILIUN LY R
3) nalnnspaguuazannnisiafandralaiana (Rate of Molecule
Transfer)
anniaafandaluiana (Rate of molecule transfer) WiaaaniIgadul
o s [l e Kt { = o v v 1 V= &/ g
AURIATYBEIINN amwmsgmuﬁmmﬁ%mlmzuumgamumm;a"l,@mmu AN
o & { o 4 o { A
mi@@eﬁngﬂmuaui@wu@auﬁﬁmwmumuslumsmﬁaumUIwLaqamnﬁq@ %9
m”umauﬁ%wﬁqm:lﬂm”umauﬁa‘hﬁhé’mwmmwﬁu m”u@aulumsgw%’uﬁamsmﬁauﬁ
28991ONAATU (adsorbate) Vlﬂﬂ'm”’mmagwﬁ'u (adsorbent) s1u1TauLdaantdu 4
AUADW A%

' qq: v | 0‘-‘: dl a J [ dl [
1. N1IURININaw (Bulk transfer) Lﬂ%ﬂlu@]ﬂ%‘ﬂm@ﬂl%ﬁ’)‘ﬂq@ INLE‘]TJQ‘UBG@]’JQT]

QAU (adsorbate) 3zLARAUNIN bulk solution T vasTUN U
luanandausauanaIgady

2. IUWEITUNAN (Film transport) Lf’lm"'mlauﬁiuLaqaﬁﬁmﬁwaa‘*ﬁ'uﬂﬁu

UNTNAUTIFAIR UV DIAINANAATU N1IVWFINAULT ATz uIwnITNY 19

U U
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AN IUWIHIUARN (Film diffusion) da1duiuaauniniadasnsgadaii

& e
PUAD WA

3. myvudsnuluaunia (Interparticle transport) tlun1suwivasluianadign
azanuldnglnIInIagnIusa9aN Aty (Pore diffusion) uazviliiianiiga
sutnmelu mgu@]auf:ﬁ@Lﬂumzu@]auﬁf{l”lﬁmﬁmwmig@sﬁmﬁmamﬁ'u

4. MIQAFU (Adsorption) Lﬂmgumauq@ﬁmmmaqamaamsazgﬂgwﬁ'uuu

@ﬁnma@@%uﬁu
1
I ¥
. I Adsorbent P atticle
Bulk Soltion ! Bourdary
Solution E Layer
Sheta ! Adsorbed state
O‘ Fidk | Film ’? Iriraparticle >©
Transport | Trarsport Transport
I
i
: /
]
I
e /

31l 2-8 m”u@aumimﬁauﬁ’]m‘[maqamaamigwﬁu

dl dl U %) [-¥)
2.4.2 UWINLNYIVBINUNTEUINNTAADY
2.4.2.1 BIINWNIYAN
3 6
1) LILLINLADIINAA (Van der waal’s force)
& & = A ' ' IS =
LmLnummmamﬂmmzmmumszmwﬂmaqmmuaaue] unssdina
mamﬂmwa?m’mamauﬁagaﬂwaﬁas:%%aIuLaqaﬁvlajﬁm”a Tasaanavaumeluwazaow
A A A ~ ' o A ° = ' '
‘maimaqam@msmaau‘namo"l,mﬂm:mmu m’l%wmm%muuumamqu%uaﬂ
SLﬁﬂmiauluLL@ia:u%Lamﬁa;jmUluamaw%aimaqa"l,zjwhﬁ'u MlAtAan T RyaNANAT
A& a o & & o
maaaLaﬂmiaunwzllquLaqa ﬁam@amwmmLﬂummaﬂmaqamu LAERINNIAYNAATL
ﬁané’aﬂma@@&ﬁ'ﬂ@” migwﬁ'uﬂizmwﬁﬁwé’amulumsga%’uﬁﬁ AIBWNITANLTY
. =3 a J Y o v i (> £ v
(Desorption) 39tAaduledne m‘l%mmmﬂmjamwmaamﬂmag@muvlmﬁzl
meuma{maﬁﬂi:ﬂauﬁamﬁw”a@]'-m”a@; (Dipole-dipole interaction) 1139
mwagj-mﬁ@;mﬁmﬁﬂ (Dipole-induced dipole interaction) LLazLL33N32318 (Dispersion force)

%30UIIn0UAB% (London force)
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2) L399V 2IA-22A (Dipole-dipole interaction)
u u

[ [
£ e 1

< ' = = ' Ao < o & da
Lmﬂmmmg-maﬂLﬂumeQm:m’meLaqawmmwmnuwu‘nm

2

@ o A ad A Aa < A,
dmnagatusiadn ihasnnluanafianiwadafidrlalwauuuniis (Permanent
dipole) ialutanafiianwiandrlndriu duniianmwdndunin (8%) aznwdmiaiund
| — o v a &/ Qs { g | a
g WL uay (8 )ﬁwﬂ%ﬁmaﬁo@@m@mu mgﬂﬁ 2.6 uwniUszaniliduussndradiad
A XY & < & & e <
sansnadungldainnguesgaant vwaveundiuidag-Tginediualuiandnig
(Dipole moment, ) na1afia taluanafidluwudaguin Adaariliaumaunsstius
Tg-Tagunaulude luwudiaguialalwaluwud (1) venanudtiveswuszluds
a A a 1 | 1 1 L g
3o ssbonuindunagmuaitien (Q) uarszuzriaszninniey () asguns
L=Qxr (2-1)
! A A A A o & 2 AL«
a1 Q lugun1an 2-1 Aevwavestzlaglidfaaiasming aanu p Saddnduuaniaue
alalnalauudiniioaune (D) iwaliiissdun dinas iaaune (Peter Debye) lasf

1D=3336x10°Cmiia Cunu Qaauﬂua: m WNWLNHI

;J‘lJ‘ﬁ 2-9 UL39776-27¢ (Dipole-dipole interaction)

U U

L ¥ ]
o = o

3) U39T2@-22ALA KN (Dipole-induced dipole interaction)

'
' J o A

& S| A a Aa & ~ o
Llﬁx‘ﬂ.l'lﬂ-“ll’)ﬂ ERWEIUN Lﬂ%LLiGﬂLﬂ@‘ﬂ’]ﬂI&lLaQﬁ'ﬂ&lT') mumuﬂﬂmaqa B

U

Qe
D

v v
o o

~ . < P ° f v a & & A A o
176728 (Induced dipole) AN BHNIzAUTINTZAGaNWAYY usIhazlaunnIates
3 Y a < . . { { o <& 9
JuagnuanumuIaluniaiada (Polarizability) va4luiananigniniiediinu iuda
mwummmﬁﬁl,ﬁﬂmaumamngﬂﬁagw%Na"'ﬂ"l,@i”dﬂ;J lwnisnszatuvasnuen
A & 1 & = 1 1< U a = I = a =
alanavawliidusuuiasdndaly LﬂuwaI%UWaUSLamwﬂmuLﬂuﬂi:ﬁgaumﬂ aNUSLIUIY
naeiudizauan WawlSeufiunu lasvialdezasunialaanandauwialng 4
mmmmm&lumnﬁ@“ﬁagaﬂiﬂmﬂﬁﬁ"um@L§ﬂ ﬁ'ﬂwuLmﬂi:mwﬁium"’aﬂmd@@sﬁ'uﬁvl,&i
a 091/ nﬁ! €‘=%/ K 2’ A:QI tﬂl o v uq: @
LR mﬂﬁﬂgm‘mumﬁ]iumum‘sg@mﬂ@ﬂhlLaqa*’naammmummluwml%ﬂu
luana
4) uWSIUHNIZ (Dispersion force) W3allsInaawnan (London force)
, A 2 = , AN A
LIILNNTZANERIOLTIRAUADY LLioﬂian‘nuLﬂmms:mwﬂmaqaﬂw

Tuaziufidrdinavgadusialidsn (@wldreuiigs) esnniefeuives
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AANATAWIUEAaNTNITLARAUNARDALIAT AW IHLIITIIIAINITATEZINY AU

P A a ' = T ° a a < X L

BlanaTaunuIImans g luazaauaiad laivinnu mlﬁ’lmaqam@uamwmmummn

. & ' i a & § o %

(Instantaneous dipole) uazlalwa (11¢) MAadusasaldwisrihldluanadalile
Qq: 1 a g v 1 v a Q 1 v 1 1

Twa (92¢) Naduee awalvxm@LLiaﬁa@@ﬂm:mwﬂmaqa% 138N LIILENTEANY

PIDLITIRAUNAY

4 ] &, 1 a
ANTILIILANTZANLRIBUTINA WA BT A NLAINFINITOVDINNILA

]

& < o< A ' Aa & ° = '
FNTNUI a\ﬂ:maqamg Ia ﬂwavlﬂIuLaqawmmu’lmimyﬁ]zuaLaﬂmauﬁnmumﬂmagma
a a o o & A ° v A &< R A ' A o A A oA
nniiiafosuinedin asuulamanaziliifaanininfsligannn nandnienisfade
¥ S X e . L &
pnalaianalngdu @isluanaindv) ildsmasasussurnsznsiidnianin
5) Ltidlaaa%-’ﬂ'ﬁ@: (lon-dipole interaction)
Lm"l,aaau-m”'s@; L39UIzLANBHLAATERIN laa awuINKIB Lo awALNY
A& = & A X A A &L
luanafiin awiavasusidisgadszinnitaziiuduiiiotszavaslasauniadluiuuding
daq: oq: S n' ,&’ nql/ [ a 6 =y £Z
(W vasluanadnudanindu usidsznniiiuussiWdhsfiadaansneSuedaong
maagaauﬂéﬁﬁuﬁu Tasm'ldlaaanurnazdawiatdnnitloaawal ANAWILELYDY
Uizadegeni @”ﬂﬁfuvl,aaaumﬂ%ﬁﬂ@@ﬁumﬁﬂwuﬁﬂiﬂaaauau u”nwmmﬁd@@]ﬁlu
a 1 6 o 2{ d' a o L% dl A A >3 A
nydinyWendunuiunfidinasgaduniguyifoniasulsnewu (Protronate n3a
Disociate) laauinaztdaauiasa1ua1audwnIa-Lua (pH) ke 1UNANTNNE

1 Q 4 [ e & I 1 Q?: 1 qq/, =3 a
3’38Jﬂ‘1JLL§d§‘H>G] LD LLiGWH‘EZVLE’II@ﬁL’%% “ﬁﬂLﬂ%LLix‘]ﬂ"ﬂ’] - @mmu@wmw

311 2-10 usslanawu-13¢ (lon-dipole interaction)

5) wuselalasian (Hydrogen Bond)

=S

Wq’%ﬁZVLE’II@ﬁL"i]%Lﬂ%LL‘i\‘]@jTy’J - @;?h"ﬁﬁ@ﬂLﬂﬁ:} Lﬂ%LLiGSz%’jWGIMLaQG‘HG

a
yan

ANNIUTITE-10g TmuﬂﬂﬁﬁlzwuluhLaqaﬁﬁ"LaiaiLauaﬁ?waw”uﬁ:agjn"’uamauﬁﬁma

\@nlasum@ifgs (EN) 1w Waaaiu (EN = 4.0), aandiau (EN = 3.4), lulasiau (EN =
A ~ a ° v A o Aa a & A a &

3.0) W38 lU1INTElAREIU (EN = 2.85) azviliiianusznianudier azaauniandian

a 1 A& ¥ v @ o J o v
Immmaagamwxﬁo@mmanmammmlﬂaamamaamumaamﬂmu wﬂ%amawao
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lalasauidanintiduurnaufaunaudulalasianlaasan msmquamaﬂa‘[mmu
=S =4 [ ‘ﬂ' xﬁ =1 094' L% A £
amunIndsganuazasndng (Tsdanwdd IWihay) luluanadnadoela
w”uﬁ:"LaI@sLauLﬂuLLsaﬁag@]mﬂwv’\haai'ma'au, dauninwuwizlanainuay
NI LALABANIN WaNWT L laTanLTInIINIIMIILIBLADIINGT ANNLTILTIVY
[-% v &/ T [ a ~ Aada =}
wuﬁzvlaI@iLﬁ]uﬁ]:wﬁﬂuawuagﬂumamﬂimmmm 3o W INRay) vatezaau
nuaTanwne lalasauwnuazaaylalasian w”uﬁ:"LaI@iLauaWNWimLﬁ@vl@TszﬁdwaIwLaqa
289813TRALABINW 1T% H,0, NH, kaz HF tdudu nananiwuszlalasiandiaunsn
a v 1 1 a Q v a A v
Lﬂ@"LmzwmeLaqamwucﬂﬂﬂ@ I@lUI&JLE]Q&‘IJGNﬁﬂi‘ﬁ%@%%ﬂ@adﬁaz(ﬂE‘INVLE’II@iL?d% 0F
a a & o A AL a s aa = &
snsnrfianisdasfozaanvaimeiidndidnlanunidgadussdsznay
2.4.2.2 LSIN9LAY (chemical force)
Lmvmmﬁl,ﬁm'mmsﬁ@mﬁmﬁ'mzwmvl,aaau"uaaaﬁﬁmﬁﬂmag@sﬁ'ﬂ

o

v a A v 4 ' o ' A o ' @
LLﬂ?Lﬂ@aqiﬂigﬂa‘UL%dma%lﬂuﬂlu LD ﬂ’]i@@%Uizﬁ’;’ldiﬂ%:ﬂi’]%%ﬂi%ﬂﬂﬁQ‘ﬂdﬁ‘ﬁu

(functional group) 1A VBIAINANIAATU WiziAdWTauTAdNLAAIwiAaINNNT

4 A & & % % va & ' o ° v A { ')
AN RUBLANATOWTINWULAZNWHRIa I TALANATaUIINN® VN IALAALIIOALAHEIN

°
)}

s:mﬁa"l,aaaumaamiﬁ'uwyjﬁaﬁfumam""mma@@ﬁﬁ'u LIINNILA NI ATNINAINLITINAG
A o Y 1 aaa % % 12 .
Mo Sefnaviliunsenduwnavlale (irreversible)

2.5 taNdnanan1Inasy
mumné’agmgwﬁ'ﬂﬁmLm:uuﬁfmaa@ﬁﬂmagwﬁb ﬁmwmﬁmﬁaaagmw
o Ao 6 v v A4 a £ oA A M v o AaA ' o o
ﬂ?afﬂmml%migwuwm@muvl,@@mavl,u"l,@@ I@ﬂﬁﬁﬁ]ﬂmwa@ams@muﬂi:ﬂaumU
2.5.1 a;\lﬁ'ﬁmomumwmaaéﬁnmaga%’u I@muﬁ'@mamUmwmaa@ﬁﬂma@mﬁu
ndanyldun 399 ansoz IdwuaUNag AU UTNNaIgnT 2uIagwIk AN
%muﬂuuazmmmmmlumsgwﬁwaam”agﬂgwﬁ'u é’aﬂmag@sﬁuﬁﬁmmaLﬁﬂﬁﬁuﬁﬁa

o 6

lunsgadugenirdinavigaduiiuuwialng Aundrvesdinangaduianudunus
nidgl' Aa =

I@ﬂmaﬁ'u%auazmsgwﬁ'u (Percent adsorption) I@ﬂ@ﬁﬂmo@@sﬁuwuwuﬂmmmzw%’aﬂ
azmi@m}'u@ﬁgﬂ@@ﬂﬁ'uqaﬂdﬂﬁaﬂmd@@%’uﬁﬁﬁ'uﬁﬁaﬁasl aa@ﬂﬁaaﬁ'ums@@eﬁ'uﬁﬁaw
ada U = 0; a
waauyaimﬂml,ﬂaaﬂaaaad
2.5.2 audutliu (Turbulence) lanadnuduiuzasnszuiuniigady Iuade
5'@31L%ﬂlumiuwimwfuﬁﬁwLLa:miLLwimylugwgum"’aﬂmagwﬁ'waams@msﬁ'u b
v A v [l clu 6 g’ =i [ % o A 1l
numIgasuiianuiutiudr Aduhdidautauanaiigasuiianunmann (laj
2 ' A A o @ o o
ANTUNI) adLﬂuqﬂaiiﬂmamimaau'ﬂmaﬂmaqamgﬂ@msﬁumvl,ﬂmgwwmﬂlu
@ﬁnmag}@eﬁ'u 1um\1maﬁ'mj”mmﬂmzmumi@@%uﬁmwﬂuﬂaugq AsuiinlaitAany

FeRUAITUNS IR Lﬂuwalﬁ“’luLaqam”agﬂgmsﬁ'ummsnmﬁauﬁmuﬂ53Jﬁ'1L°1T1"Lﬂﬂ'&
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(% L V& &, Qq/, Al V Q o v
mﬂma@mﬂmswu uaﬂﬁnﬂuummwummﬁuﬂ’mmﬁwawﬂ%m’mmmsﬂumi@@
R QI &/ § v =Y Qq/’ > Q
TULNNFITH LBINANUAUMUDTIUTUTEUENAARI (Boundary layer) AIQNQATY
dl dl £ Qs (-5 R &J £ s U a I

maaummvl,ﬂn']mlugwgumaamﬂmag@muvl,@aﬂmu RAAARDINUNITIT IR WL %
@Tanma@@ﬂffu ém%“un’ﬁgwfuﬁﬁaumﬂam?azmU

2.5.3 HAYBIANUTNTUIINAUYDIAINANQATU MINNANUTUTULTUA U S
o LY ° @ Y a n&’ 4 a ]
mﬂmagmmﬁwaml%mmmmsalumsgmuqugwu WaINNAANNLAN AN
5:%’5’1\1@1°'aﬂm\1g@61?uﬁagjlumsazmﬂLLaz@T’mmdgm‘fvﬁnmﬁwamﬁﬂmogwﬁmﬂu

P4 a o o .. { A X a o { a o
§99% LAAUIITUA (Driving force) MLANFITY Iamamaamﬂmagmuﬁﬁ]:m@mi@mm
%) Qs L= QI 3 o v § QI v v QI v = %)
ﬂumﬂma@@muﬁmumﬂmu ﬁamlmﬁaﬁmnwum’mmmmmmmaamﬂma@mu
| o v Q Ql &/
Lﬂuwaml%mmmmmlumigmuwagwu
oA A = PN ¢ A& do « ' o A

2.5.4 @ia dednduwinlinainindrAagdanisgasy hadan talasian

laaau uaz "Lamaﬂsﬁavl,aaaummm@m@@ﬁ'svl,d’d"mw”uﬁ:ﬁl,l,ﬁal,l,so ANt TiAnTwada

(3 1 o & &/ ] o
mnmnmmad"laaau BRENIINCRIUVBIRIINN ¢ @G%Hﬁ]ﬂﬁﬂﬂ@]ﬂﬂﬁi@@sﬁﬂ

2.6 ANAANIIAATY (Adsorption equilibrium)

nsgaduluszuuvasuds-vaanad é’agnga%’uﬁaglui’gmﬂmaammmmm
naaudilandnodas wazazdnolawlugsdinasgady m am’azﬁmuqu"l’j” Vi gunnd
s 1Tnen ﬂiﬁﬂgmitﬁﬁmLﬁumi"l,ﬂﬁmﬂi:w”ﬁLiﬁg’(amazam;a (Equilibrium state) %38
158N FUQANINATU (Adsorption equilibrium) amaxlmm:ﬁmmLiuimawﬁgﬂg@
Fuluipnmesaanarazasfibiianindsuudas mnnanluudeaunacaas lutas
L?N@Tunizmumsgwﬁ'u Imaqamam"";Qﬂg@%’umdfshWﬂ:gﬂ@@ﬁuuuﬁwawﬁnmag@
gl Lﬁaiwznmmu"l,ﬂaiwmuiwLaqaﬁgﬂgﬂﬁu"ﬁuué’aﬂmd@@sﬁ'uLﬁ'mmﬂifu Tu
mmuﬁmﬁ'ﬂmaqaﬁmw:ﬁmﬁm"’anma@@éﬁ'umamugnmﬂaaﬂm (Desorption) 80131
mimm:ﬁaﬂﬂdﬂé’@i’]ﬂﬁg@éﬁ'ﬂwﬁwﬁu Lfiamigwﬁ'mhLﬁuvl,ﬂaumzﬂdaé"mﬁmi@p
FULYINALEAIINITAE ifzumm]”’]gjamgavl,@mﬁﬂ (Dynamic equilibrium) FUQaN1IQATL

LRAI MAIFNNNT 2-2

(c,-c v
q.=" (2-2)

m

losfl g, Ao ¥2I9289871IYNQATULUAIVBIGINANQATUd D NIAVBIGINAIGAT

(mg.g”)
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C, udz C, Aa anuduTuSuduLazanuTuTu & 9FuqaTa981INAATY
-1
(mg.L™)
vV fe dSunasuessniazans (L)
m A8 NINVBIAINAWAATY (mg)

% LY

FUQANIAATUUL I NTAAVBIAINAIQATU (Adsorbent) THAVBIAINNAAD
s

(Adsorbate) AMNLTUTUVBIAINNAATY UazgMWrNTVIILVUAATY augailanwa:
Funzpandarzu IETIIImIaNNFNRREIERIvUTINMENgareaIgngaduly
AINAWAATY (q,) m’mL°1T&1°1Tu°uaamigﬂgwﬁ'uﬁmmﬁammzmsl o AFUQA (C,) UAT
qmﬂgﬁauqamaaszuugﬂﬁufu mﬂﬂﬁﬂgﬂ'ncﬁgwﬁh@”&ndnLﬁ@f’fumﬂéfam's:

qm%nﬂﬁmﬁ mmammmé’ww”uﬁi:wj’mﬂ%mmﬁmsgﬂgﬂﬁuﬁgﬂgwﬁ'mimﬁm HUDY

'
=

@ﬁﬂma@@%’uﬁummLiuiumaw‘i"sgngwﬁ'ﬂumm:mm s Q@au@;aﬁqmﬁgﬁﬂm

3undn lalainasuzasnmsgadu (Adsorption isotherm)

2.7 lalznaan13gasy (Adsorption Isotherms)

vl,aisﬁmamaomig@ﬁﬁ'u Lﬂumiﬁﬂmmwwé’ww“’uﬁi:m’mmmmmsnlumi@@ﬁﬁ'u
WAEAMULTNTY 4 90NN lummzmmﬁqmﬂgﬁmﬁ FUNNINIATAAIRAINLALIT D
v o o & Aa oA o
ﬂuvl,aismmmaamig@muwmsgmwu d9lalmnaunnunltae "Laifnmaumig@mu
LU LEWA T "LaIeﬁmanmsg@sﬁ'wmLLadLﬁﬁ"l,aIstmamﬁ@@f*ﬁ'wadw;u@ﬁﬁ waylala

o A e 4 = AN v oo = o

taun1IQaTUYaIFLF mlumsﬂnmuvlmmmmﬂmaumivl,aiéﬁmaumsgWﬁu WL

= 6 o a
waadesnuuuy Wiueds

2.71 v[a‘[‘iﬂ,‘I{lEl&lﬂ’li(ﬂ(ﬂfi’ﬂJl,!,‘iJflJl,z?f‘lflam‘sx‘l (Linear Isotherm)

migmsﬁ'mwmﬁuma Lﬂuaummammmé’uw”ufizmwmmLﬁuiumadaWiﬁgﬂ@
@TuLLa:ﬂ%mmmaamsﬁgﬂ@@sﬁuﬁama:auqa "LaIenmanmi@Wﬁ'u WUULEWATIH L TaTUNY

= @ A A v o o o
mmsgm%ulmwuwmmmLmumumvl,@

Qe = KpCe (2'3)

A ! A )
Wa K = ANAINENQALLLLELATI
) \ v A a \
wldnnaanusuladsunnnszning q. uaz C,
C = ANuNTwNIMRaiIaauga (mg.L™)

q, = mw11mmsﬂumsgwﬁ'ﬂuannmuqa (mg.g™)
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2.7.2 lalminaanisgagduvasuasiias (Langmuir Isotherm)
Qs = ¥ L 4 & a 1
mi@@sﬁwaaLLaoLﬁyﬁﬂuﬁug’mmaoms@mmmuﬁuq FIANIFNNAZININ
ms@@sﬁ'ugaq@é’uw”uﬁ{ﬁ'ﬂwLaqaﬁagﬂgwﬁﬁﬁm L%'m@ﬁLﬁmfmﬁmuuﬁ'uﬁw‘ﬁﬂmag@

Sﬁ'uﬁwé’amu"uaamigwﬁ'moﬁvl,aiﬁmimﬁauﬁmaﬂuLaqam”agﬂgwﬁ'ﬂml,ms:muﬁuﬁ’;

AINANAATL
|;r_'_|"TI_CI=
9e = (2-4)
1=K, C,
e q, = anumuInlunsgasulugn1zauay (malg)
q, = AMUENANINIUNIQATUFIgA (mg/g)
C, = ANNNTUNIARENaaNgA (mg/L)
K, = Aasnnisgaduvasuadies (Limg)
A 'y
A 1/q,
Slope = 1/Kqg,,
1/q,,
» C, * 1/C,

31 2-11 "laIsnmaums@@sﬁ'wamauﬁﬁ

a = [ v & o Qs 6 A ¥
vl,aIsﬁmawaamsg@mumammmm ﬁ’]lﬂiﬂLL‘.L]a\‘ilﬁLﬂ%ﬂ’N&lﬁﬁJW%‘ﬁLTdLﬁ%

TERINAN/ g LAz 1/ C, AIFUNNT 2-5

1 1 1 1
—_ = —+— 2-5
. e (2:5)

2.7.3 lalaaanisaaguaasywaay (Freundlich Isotherm)
msgwﬁ'wawlgmﬁmﬁtﬂuﬂﬁgwﬁbﬁé”;gﬂgwﬁ'ﬂL‘%‘msﬁauﬁu%mﬂfuﬁw
Wuszdan g anuaanInlunsgaduluan1izauga (ge) wsHuaNANUT T RAmE o
q@amqﬂﬂﬁﬁﬁmma‘ﬁ' (1/n) AIFNNTT 2-6

T/
Qe = r|:{F CE (2'6)
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e q. = anumuInlunsgaduluanizangs (mglg)
Ceo = ANNNTRAARENYARIQR (Mg/L)
Ke = ANA9N1189NIQATLVINTUART (Mmg/g)
n = ATAIINAIVRINIQATUVBINTUART
A I
qn—. Log QQ
Slope = 1/n
Log K.
> C, » Log C,

i 2-12 "laIsﬁLwauﬂﬁgwﬁ'umaaw;u@ﬁﬁ

vl,aiﬁnmamadmﬁg@ﬁﬁ'waa‘Ngu@ﬁ“ﬁ a0 ulad i ua U SN T LS

LEWIZHINNAN g, WAz C, AIRUNIT 2-7
log q. =log K¢ + 1/nlog C, (2-7)
RANTOMAT Ke wae 1/n ldannnsnlae

1n = ANVTUTAINITIN
Ke

@1 g, A1 C = 1
vLaIsnmawaaﬂﬁ@@ﬂﬁ'waaw;u@ﬁ% mmsnl‘*ﬁa%mUﬁamsgwﬁ'ﬂm:uu
{ v v cl) v 1 v 1 1 s a é/ [ v 1 1
AdauTNTUEN LS 1/n daskasnda 1 LLammmsg@mum@mﬂuﬁ o1 1/n J@11nnin

' o a &
1 LLﬁ@G’J’]ﬂ’ﬁﬂ@"’ﬁULﬂ@ﬁl%a

3 Qo . . .
2.8 IAUNAFIFNIN1INATY (Adsorption kinetic)
ﬁmuwama@l{mi@@%uLLamﬁamwé'uw”u‘ﬁmaoé’mwmsg@eﬁ'uﬁunmi@ﬂﬂﬂa
LLETJa"'mﬂﬁwaamig]@sﬁ'uﬁ):ﬁ@hmnlwﬁwiwzL%W‘Tumaamig@sﬁ'uLLa:é'm"nﬁn:a@m
28197 e]aumz‘ﬁ'oLﬁﬁg?am;mlaamsg@sﬁu%aaumsﬁﬁwl*’ﬁa%mmauwama@ﬁmaams
o v o o A A . . . s
g(ﬂsﬁuvlmmﬁ]auwamamau(wﬂ 1 L8UaH (Pseudo first order kinetic) LLAZIAUNIATNRAI

AUALN 2 Lalan (Pseudo second order kinetic)



23

2.8.1 JawNAAIENTONAUNWILENaW (Pseudo-first order kinetic)
P A A = v o & a 'Y
f3uunvesaun1iauaunisn 2-8 uazaunsadouduanuaunw LT LT
2RI /g uaz 1/t laauaunIn 2-9

qehf
= (2-8)
1+k,t
1 k11
—=——+— (2-9)
9 9.1 9.

RUNIANFATOUAUN 1 LaﬁauﬁgﬂLmumaaaumimmumiﬁ 2-10 LRZRINIID

WowduanUFNN SIS FUITAINNG IN(ge — g) BRE In(ge) MMANRNANTN 2-11
g,=q_(1-e™") (2-10)

In(qﬂ-qt): Ing_-k,t (2-11)

e g = enumunInlunmigadulugnzangs (mg/g)
g = AnumanInlumIgaduniaalas (mgig)
ki = fAINTBIULLINRBIIRUNAMEATINIQATY (h7)

t = 532]$L’)ﬂ’1°1]80ﬂ’]5@@‘ﬁlﬂ

2.8.2 9auNaAIdAI0wAUFaILdN oW (Pseudo second order kinetic)

ﬁgﬂuuwaaaumsmmumiﬁ 2-12 URLRINITOLT U T AU R NN LT 9L 8%

t

IR LA fiﬁ(ﬂ’]lla&lﬂ’]iﬁ 2-13
q,

g kot
o (2-12)

R
LI I (2-13)

% hd g,

A ] a o & o
L8 k2 = ﬂ"lﬂx‘]“/l"lla\'iLL‘]J‘]J'%']ﬂa\‘i"ﬂauwaﬂqﬁ@]iﬂ"ﬁ@@sﬁﬂ (g/mgh)
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2.9 NMINUNIBITIWNIIN (literature review)
Ac A 4 o ) o @ o ¥ a
2.9.1 91NNV DINUNITLNITAFIIANAINE I Y
A8131NAVINIZUIBNNTUNILANIITI AW IRNNIANARITANAI9INYT b
Tut19 6 — 7 DNRUN ﬁ;ﬁﬁ?ﬂ%myﬂmzﬁﬂHﬁﬁ]‘"ﬂmiﬁw”@mi@mﬁwamﬂm@Tay?ﬁﬁu

laggunsoudadu 2 Uszianlna 9 fa 1) nszuauwnnInaed (chemical process) wae

o A

2) NTTUIUNITNIINNBAIN (physical process) bNRIzVaINAIDE1IINWITN 1T

\y

AITLIUNINIFDIIUNTANTARITANANINLILAZNAANTT AW BRI UL

Kim LLag Tanaka [31] ﬁﬂﬂ:&’]ﬂ’]ﬂ“ﬁ%ﬁ%’ﬂuﬂ’ﬁamﬂ carbamazepine, naproxen

. ni d'l 5 = = a a
Wae acetaminophen MANE1IAAYK 185 Wl twian 10 wifl lasddsz@nTaw
Tun13A9aWNAY 40, 50 WAL 60% ANNENAL VMTNNNIFA1LVY diclofenac, ketoprofen
=) 1 A ¥ v Q a W@ &

wae sulfamethoxazole LAAXINANT 90% TINANITNARBIhFEAARDINLANIIUITENIlae
Kim lLazae [32] ANUNIIRAILV D carbamazepine a2 acetaminophen %agni1 50%
A Fquv a A o 2 & a L A A o X o o
Waldssigianudy 2,768 Myiem? liuian 15 Wil wdfinnzidenuwiauninieg
ketoprofen, diclofenac Was sulfamethoxazole leau1nnin 90% n1slglalasauidas
aan’lad (H,0,) TiurunsansiFgitisidndsz@ntnmunimidaanand199neng s
7fia 393114 bezafibrate, naproxen uaz trimethoprim lax1nni1 90% wid1n3lE3e&yd
\ ) & &1 & adddaa & o @ o A o
swnulalesiauitesean ladinazndudsnaitnitslumsmiassanminneizaisad
@810 1% carbamazepine W@l TANNTNVBILEININAIINITRADRITRT BN 1
[ v 1 4 v a a o Q [ é [ : L 1
WusaariuweliladszanFaiwnisiiaadu s0% [33] Sodunsaudfasnasanuadng
&4

Rosal hazathe [26] 37837% NN sinaa diclofenac, naproxen, ketoprofen,

trimethoprim, carbamazepine, ciprofloxacin, ofloxacin L8 sulfamethoxazole drolalon

(ozonation) (laldanuidntuvaslalowluifiu 340 UM sunnaasluanasnaile
| a A =2 A o KR @
Y1ANT1 95% NN8lULIAN 15 W Schaar wazAe [34] HHan1sAnwINAaARINKIN
N1I¥A18Y carbamazepine, diclofenac Las sulfamethoxazole I@ﬂﬁﬂizﬁw%mwmsﬁﬂ%
| Ao & v & . & adddaa £
1NN 93% INIUIIBNIRBILEAILAA NI M3ttt lowduiFnadtnilslunsaans
Imaqa carbamazepine, diclofenac ka2 sulfamethoxazole w6 LN LANIZAUAITHANE
bezafibrate Waz clofibric acid TINUT=ANTA1WNIANTAEINTN 60% wlazldanu Tty
2898 lawHINY 3 mg/l wanINUUEITI1891%37 diclofenac Naaruarludran15ls
1 a [ a L 6 v = dl dl s 1 v d' 1
lalouaunnin 76% iatdunfanmeidnafesdn 9 naslannulassananuinwan [35]
A o a . Y AaA & A . v  ada a )
Ssduiguitanadsznaudoluanandanuduisgiuazdesaaiodioiinediniwle

A i < o A A o« &
gn Luaﬂﬁnﬂiwl’ﬂqamﬂﬁ diclofenac @]\TﬂulﬂjuﬂiﬂLLﬂz;Jﬁq@Jﬂﬂai%Lﬂ%a@ﬂﬂi:ﬂaU
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Beltran kazame [36] AN®INT1IAN9@ diclofenac twinaralalausiununisly
funuUUe (activated carbon) NNNITIATIZRNAAN UK AUNA (intermediate products)
A a X A . A A A ea o a @ A A
AAaduannshtlalouiNasatnaauinussdunisauanas liduainaroaianidu

nIAANUBNTAN (carboxylic acid) LT pyruvic acid, oxalic acid, malonic acid, acetic acid

[

udu uazdilinfanmaian 9 Alinnulassendnunanssiia vinld ToC NaTaiale

C% '

A A I a a o g Y o e 6 1
JgdngnIafatduwlszanTaInn1InNIal Iz 40% ﬂ’]il‘ﬁﬂ’?%ﬂ&l&]%@li')&]l%

U U

nzuaumslasiininiduaaiial §Asealuntsaats diclofenac Hun1Iasiseuua
dx3zlaasandga (hydroxyl radicals) T8t NUseENTAIWANIENIaL Y 95% aen9lIAa

D

A

v { ' A ) 4
MNNIANBIHAVEY pH Funalikudn TOC NaaaIdIuniidnaanNnIgatuUUAUAIN
Wuluguassnunuiue
Badawy wazamie [37] Anmnistndadiiisaseannlssnundasiuazasiad (El-
Nasr Pharmaceutical and Chemical Company) 2848810 @a2838n19%21A W38y
A o . . A o ° ' %
NIEUIUNMTAANTLATWN @AW (Fenton oxidation process) B4a1ALNITHINIWIINAUVD
Fe™ wag H,0, ’Lumsa%“nawaﬁmﬂamaﬂ%a 18819 REUTENaUABFITANA19AN
B1RaN8TAA LT paracetamol, diclofenac, salicylic acid Luaw waslansialidune 1w
. . d4a & A e .
phenol, p-aminophenol, nitrobenzene FIUTUADULINNNITEANTLATULNUA BUTILAA
a A 6 1 dq’ k% 1 o v o L s Qq// 1 = a a
f3dunSdwmanitlaninnin 93% vinlwnisthdanis nwlutuaeudenfuszantaw
o Qs A 1 = A Aa v ;f 1 v 1 a [ 65 d' a
ANSANALABY 100% at191l3nd iudsaildlananfanmsiaunarifiiiaainnis
A o A a & o o ' I
pandLaTuuaan Sornasiiaduluaneasduinunslalalow wazddnali TOC 2o
wudsnaInTindadiddigs wenantu n1Iiidaasand19IINeIuaTaIBUNIEN
a &/ o Q Qs = 1 =
Wadulunstdaneinwidunsannnigaduuuaznauafuniganniimaaoei
ngutinIaIndand [38] Anwnslaaudanlafinlunisidalaanae ldud
diclofenac, amoxicillin L8z carbamazepine NIIURIIRZANULALILAZETATRNNEY NITWH
di [ a 3’ o v Aa a a A o o [ 6
ﬂauamﬂﬂmﬂlumml%m@aggaamﬂamaﬂsﬁammﬁ]iwmnmﬂu‘lﬁmwmﬂai
6 A o Aaaa 2{ v & 1 dq‘d
aaﬂ"l,eﬁ@LLaz/mamﬂgmmmiamUI;JLaQam NANIINARBIT LA ARIINTTUINNNTRL
UszAnTnwnInnsadantedn (< 60%) lasiianaan isiaunasnadssunuatusie
& ) 1 v 1 . . . .
Fudunsdauuaiisy laud Daphnia magna \\8s Pseudokirchneriella subcapitata
msmaaasandnelagldnszuiumaaiian g niinsdns3de laun ms
[ Y] il . . d o 1 o s .
IWNBW-NTITIUNGN (coagulation-flocculation) TINIIIWNUNIRBLAT (flotation) Suarez
o a d‘v o a 2( v 3’ a d'
wazame [39] dnadaitldlFlunisirdaidasdurasingsanlssneiuna amen
Carballa ULazAmAz [40] YINMINARINUIUFTIINYAUTU TIUBNANITNUFIIANFIAINN
AU TELANUAIIT AN TNRAA AN LTRING (personal care products) 8nAan8wHha

NITLIUNIMTIUADU-NITIUNGN WaNEAUNIANIaesnRautawau 1 (lipophilic
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properties) ¥11N31 9TUszENTA WA IuNITAITRITANAI9IINENIN AN TR LN

T ! v ! . . . £§
(hydrophilicity) #4170 n11 laun diclofenac, carbamazepine, ibuprofen, naproxen GREY
ﬂs:ﬁﬂ%nﬁWﬂWiﬁwﬁhgoqwﬁnwa:ﬁvmww:auvﬁwﬁﬂ 45, 35, 25 WAT 30% ANNAIAU

INNWIFLNLNAIDLINIIZLAY LA MTFENITZUIRNIINSLATHU sz ANnTA Wl
ﬂﬂiaaﬁUaﬁsmﬂﬁﬁoaﬁﬂﬂﬁﬁauﬂﬁdgaiﬂylﬁlaaﬁﬁuﬁu uaduwi lunaliiAanfan wiun
ﬂﬂﬁ&ﬁﬁﬁk+ﬁﬂaﬂwLﬂuﬂi@§aua:ﬁﬂaﬂwﬁﬁuﬂﬁudaﬂWEaaﬂUﬁhNWﬂﬂiwaﬁsmﬂﬁﬁJQWﬂsﬁ
éhﬁ%b1uﬂéqﬂ%w§@fﬁuwﬁﬁuﬂawa%aﬁﬂﬁﬁ@ﬂhﬂﬂﬁﬂﬂiﬁuﬂ%ﬂﬂiaa%ﬁauazﬁu@swyﬁaﬁa
a & o A ddaa A ' S A o o o Aad a4 & R Aa
Wedunumiisialisddssthidunmmihuadsismsmaadina hguna s sssuma

N3ZUIBNIIN WA RNANTIN LT LN RITANAI9INLT LaLA NIINTAITZAL
w1l (nanofiltration) S135R0a R LNTRLNNLLTH (reverse osmosis membrane) WaZNIIQA
v X o . Ae A A @ ' A A v & A A
U (adsorption) lagasn@l8H19wITBNLNDITRINNA N NN e WA RU S=@NnT AW
NMIRNIAAILATNIINAN

Radjenovic L@ sA b e [41] ®F1UIID AN A9 ketoprofen, diclofenac LL & ¢
sulfamethoxazole laglfinafian13nTaszauw lulauinnin 90% vueNUszansaIwny
fN9@ acetaminophen, gemfibrozil W& carbamazepine agll'ﬁ 44.8, 50 WA 85% GNNURIAU
A g v Qs é 1 a a o e
TINANIINARDIRAILARINY Kimura azamee [42] TIT189WINUT@NTANAHiNTa
clofibric acid, ketoprofen a2 diclofenac A8NINTITEAUM LdANuNnNIn 90%

A A6 a a a A ni a a a o [

snsaaaaTumauuuusu¢ﬂuaﬂvnﬂuﬂ%uaww$nmwuﬂizaﬂﬁﬂww§$hnniﬂﬁa@
F1IANAIIINYT lagaIN1Inniigg ketoprofen, diclofenac, clofibric acid L8 ¥
sulfamethoxazole 1@u1ANI1 95% [41, 42] widlUs=ANTAIWNNTR190 acetaminophen,
gemfibrozil L&z carbamazepine $1n31 (70, 73 LAz 85% ANNENAU) NI TNARANIT
A59TINNLS Ao R luSal NN UTWEI RN UT=ANTAIWN15A19@ gemfibrozil WAy
carbamazepine LJuu1NNI1 90% [5]

uﬂﬁﬁﬂszuauﬂﬂiﬂﬁdﬂwﬂnwwfﬁaada:ﬁﬂizﬁﬂﬁﬂﬁwﬂﬁiﬁﬂﬁh&ﬁi@ﬂﬁﬁd%ﬁﬂUﬂg@

' P a v A A o & & A& A A A &

ﬂaﬂﬂszuauﬂﬁiﬂ1dquua:iwﬂalﬁLﬂ@NamnavnmuﬂaﬁdﬂLﬂuwrrumLﬂsaawaua:qﬂﬂiaL
ﬁﬁﬁLﬂ%ﬁﬂﬁ%ﬂns:uaunﬁiﬁiﬁﬂﬂga‘ﬁﬁhnﬁiﬁﬂdwumadﬂi:uauﬂﬂsﬁauﬂﬁaéﬁﬁﬁauua:
o & @ v @ A oA A a o o ° o y A
'Wuﬂu@aalﬁwaaawuwﬁﬂvwalﬁNﬂs:aﬂﬁnWWﬂwsﬂﬁamqovrﬂ%ﬂizuauﬂTn%awuu@unu
LN ﬁaﬁhiﬂLﬁNﬁsﬁﬂ%%ﬂlﬁIuﬁwﬁhawsmnﬁﬁaawnleuﬁnLﬁma?aQWﬂq@aWMﬂsswmﬁua:

u%ﬁaqumu
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2.9.2 N13MIAFIIANAINLIUGBIUAI8AINAWAATY

Kim Wazamhe (2014) [43] AnEFIanaanusien 12 shasiodanulonasaiia
\N&@ (granular -mesopous silica SBA- 15; GMS) @AnmauddindnmeninaasBaniiules
WaSAFIATIZ N 2 7fia (GMS1 uaz GMS2) uazdanulawasofians (powder - type
mesoporous silica SBA- 15; PMS) Wu11 “ﬁuﬁﬁ’sﬁi’]LW’]zLL@:ﬂ%&I’Wli;ﬁWE%Ta\‘i PMS
NN GMS1 ez GMS2 ‘Lum:mumig@sﬁuftlfLLuuﬁﬁaaomig@%mmuﬂﬁﬁ?m
duaUFaILTiEY (pseudo- second order) aTununalnniigadyldd %awuhéﬁmmq@@
FUNIT NI THE R émeﬁ’nJﬁﬁ%mLﬁmﬁ'uﬁamgummwimuﬂﬁw (Film diffusion)
wananfAnmuLLiResngasunLi uasssulnaiinisgaduidullaulelom
ai(ml,uuw;u@ﬁm Wadnwnavasanudunia-asasasazaisdannuanisalunis
QATUVBIAINANAATY WU Saaum'ﬁ'ﬁﬂszqmﬂﬁé’@mmiﬂﬁﬁ@ﬁgoffmfiamﬁmﬁ
Wudu 1itasannusanislnin (Electrostatic force) W uu39899aN1INBNTNT B
Usngnsalit winldandinasgady GsM1 ﬁﬁuﬁ'sﬁﬂizqLﬂuaugaﬂ'jm"”mawg@sﬁu
GSM2 ﬁmmmmmlumsgm%’umﬁﬁﬁaaumﬂ"lﬁmﬂﬂfh LaZUIINIINIENIN AL
ahuéﬂﬂ”mﬂums@@ﬁﬁ'u§aaum‘ﬁ'ﬁﬂszﬁ;auuuﬁaé‘aﬂmog}@éﬁ'uﬁaw”uﬁ:"l,aimwu
(Hydrogen bonding) %ananni ﬂ'd"l,é’ﬁﬂmiﬁﬂmmsﬂszqﬂ@TWﬂi:mumiﬂﬁﬁ@
WA A WA 8N I@Uﬁﬁﬁnﬁmmqma'mmmmmshuﬂaé’uﬁmmmﬁumuguﬁﬂma 3
LEWALUAT 812 15 LTUALNAT ﬁmsqé’mmagwﬁ'ﬂ GSM1 US3Nm 5 NSH AINWUNTHL
N384 66 LTWALNAT WL Lm“l,uf:’n,ﬁﬂq@lmﬁmmmﬁ]:ﬁmﬁumumﬁgﬂﬂﬁ'umﬂmzl LT
sIduniduazdaaulans nathdadsnszuiunisgadulaslddanas silica based i
Urnsamwlumsiisauazisuinnin 8o%

Cai unzAmE (2014) [44] Anwinsgadusiasuinnitdudioninfiueanlod
(graphene oxide) W38 ULABUN U UANNUALULLNER (granular activated carbon; GAC)
wazvioasuenwm luafianiisnanst (multi walled nanotubes; MWCNTSs) @nusnanis o
auﬂ'@mﬁmUm‘wmad@ﬁﬂmagwﬁ'umw*ﬂuaaﬂ"l,snﬁﬁawﬁimmUluﬁaa@lm@ 3 %@ (C M
waz A) WIBUBuAUAINANgaTy GAC LU THAN U UTRAN IR TUA K%
ﬂ'auﬂ%’uﬂ@a%gﬂﬁuaﬂ%auuﬁuﬁa (MWCNT- COOH) wuinnsiu C ﬁ“ﬂm@agmﬂﬁ'
Lﬁﬂﬁqmmﬁﬁuﬁ'ﬁﬁhwazgamﬂﬁq@ 771 @13NATEENTN FUNTUSNTUMUULIUAY
wiitfisa (pseudo- first- order) MANzERILTUNI88AINNTQATUYBIAINANAATUN
NAusanlodrsiia CM A uaz MWCNT- COOH laiduatngd LAFIAITUAINAIQATY
GAC lfunudraaimigadunelu gwgulumm%mﬂé"mwmi@@sﬁ'uﬁl,ﬁ@%u Nndays
mimaaaLmurﬁmaamsg@%’uﬁlﬂumsaﬁmsmmmmsnhmi@@sﬁ’w 296INAIQ

o A A & a o . & \ a \
FUNLRUICRUAD vLaITLV]aiNWEu@a"ﬁU\‘]WU’J'] ﬂ'l"ll“:l]uﬂi@]- AWNVDIRTIINCANYUNRIADNTT
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gwﬁvuuamsﬁﬁﬂizﬁguuﬁaﬂmog@ﬁﬁum’]ﬂuaaﬂ"lﬁm‘I@Uﬁﬂﬁmi@@sﬁu mmi‘ﬁ'ﬁﬂszﬁg
vaniRnawdn 2 11 LLa:mEngﬁ'uuamiﬁﬁﬂs:qaua@m 1 1 Tug9RiaT 6-10 119
Lf’luwaaﬁﬂﬂizquuﬁuﬁ’;maas’i‘mmagm%’uLﬂumﬂlwﬁ'saﬁl,am”omha aydlad1ns
ﬂ%vuﬂjioﬁruﬁwaoﬂﬁﬂﬂﬁmmzaun”ué“’sgﬂ@@ﬁﬁ'ﬂﬁ]zﬁﬂﬁmmmmmlumsgwﬁu
RN

Y. Sun. uazame (2012) [45] ldvnisAnsnsies et mnuRan launanigu
ludhe (CLAC) lasnszgu NaOH Tinaaumiuiuuazihandzgndlidmiunisgaduean
FLAAI lTARY INNNANANITNARES WU CLAC ﬁiﬂsaa‘?ﬁaLLUUEWEuLLazﬁﬁuﬁﬁa (2143
m*/g) 1AW ANHANIINARBIIAUNAAEATBINTIQATY Wudlu 30 wifluan Fas
sz wIUQATURY Tz 83%, 72% UnT 53% VasAMuTNTUeanTIaa loain
Budud 308, 364, uaz 530 JaAn3UAEAAT AWEAY KaANIETUTHIldEuNUTney
ﬁ'umi"lds:@”ummLﬁmﬁugalumnéuﬁu %ummlﬁﬁuﬁumﬁ'vmﬁauﬁgaﬁm{ums
Tousnuoandiaam loaduaudsiuirvaadwlofoanniuiusing andanga ladisa
nolutian 24 52109 (RAYNHD0.999) %ananAsInudn AU Tudwisuduy e
81382818 OTC 1Waswan 308.2 1w 530.3 mgiL ﬂ%mrumi@@sﬁ'mﬁwifumn 512.6
\Jw 738.5 mg/L lummzﬁé'mﬁmsgwﬁ'ua@mmﬂ 0.440 1J% 0.044 L/min laa¥inn1s
WisuLAguan k, SediTasnan 2 Usznsde 1) maRudusesanudutuwsudu oTC
mmimﬁuLLiMTﬁJLﬂﬁausl,uﬂﬁvl,ﬁii:@”ummLiuiuiz%mmigﬂ@@éﬁ'ﬂumsaazmmmz
msgngwﬁ'ﬂumsgwﬁu ﬁ%dNﬂﬁLﬁ@ﬂﬂig@%’U oTC 'ﬁlgaﬁu WAZ 2) NITULITUIZHIN
ImaqamaomigﬂgmﬁuﬁnmmaaLauvlsﬁﬁﬁmmLﬁuﬁugaﬁuua:ﬁaﬂﬁ’ammusl,umi
USUauas Toyaauqan1IaTua e uLUUIIaed Langmuir mﬂﬁq@ lagNINTIANINAN
R? (>0.99) sﬁaqmvmﬂﬁl,ﬂuﬁﬁaluﬂm”ﬂﬁﬁwﬂ”@ﬁq@ﬁﬁﬁﬂﬁwa@iami@l@éﬁ'umiﬂi:ﬂau
SunstnanTazans I aIuwa WAL T Ue nsAnsNIgmrnamaasuaadliiindn
ﬂ’]i@@%ﬂﬁ@ﬂﬁﬁ%ﬂ’]ﬂ’]ﬂﬂ?ﬂﬂJ%ﬂ%ﬁﬂ’J’]NLﬁN‘ﬁL@%’lLLﬂ:ﬂﬁ’lULﬂ%ﬂﬁﬁ%U’]ﬂ’]i@@]ﬂ’ﬂ@J%ﬂ%
NFTTNTARA NS VT WAL R mig@ffﬁ'uLLmJLL°1iamymﬁﬂﬁuluamazmﬂm@a'auvl,ﬂ

5| A v 5| 1 { s R a
wnans mmﬂmmmmuﬂm-maﬁgumw:Vl,ﬂm@m’wmi@@mu OoTC I@]EILLS\‘]NQTTVI’N

e

o [ v a g ¥ (5 % = ¢
2.9.3 ﬂ']iﬂ']%ﬂﬂ'ls@lﬂﬂ'l\‘]?ﬂ'lﬂEl']ﬂg:]’li')%zﬂ')ﬂ@l')ﬂﬂqﬂ@lﬂ‘ﬁﬂﬂ‘i'\wuaaﬂ‘lsﬁﬂ hag
a £ A wa 1 &
nsﬂﬂuaan‘lszjﬂﬂuauummmaﬂ
Lin WazAmE (2013) [30] AN®INNTANAA Tetracycline (TC) laansnAuaan lodaa

aﬂagmﬂwmﬁﬂ (GO-MPs) Wy msg@sﬁ'ugaq@maa (TCs) fia 39.1 mg g" au'lale
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(NauN1IQATUVaY Langmuir na lnanlunisgaduda 7T-T interaction \Hadnu GO-
MPs lunisindasidfiauslunguiaasloaduiilasiairsndroiudsznandaeg
Tetracycline (TC), Oxytetracycline (OTC), Chlortetracycline (CTC) i 8¢ Doxycycline
(DXC) Tag@nuludagnsinuiuaztinanudin Aszauanudutudiszwing o.1 mg L™
19 0.2 mg L wud1 GO-MPs s1u13arina@ TCs niludsnadanluszeuanudutu
dlaagnsduszininwuazasy (Wzano 10 wift RIRLGHEE) wONIMHANLINAIY
meao"laaauuazﬁwﬂ'mmaamiazmmfu"l&iﬁwaﬁ'umzmumi@@ﬂﬁ“u il GO-MPs
Judnagaduiidnomulunisdszyndldluniiiia TCs Mndmothasinluianado
633 waznuispiidaianain GO-MPs ﬁﬁﬂﬂ@@ffﬁ'ﬂ TCs uainwlimsiiuanldlnaile
nszuaumsthialuasase’ly

Roman uazAms (2015) Ans1ANNTaUNIIgaTUasFanunansilya
(sulfamethoxazole; SMX) LRZANSLINNT D% (carbamazepine; CBZ) uuﬁ’;@@%uaﬂdﬁﬁ@

muldszuy co-sorption Iuﬂ’li‘ﬂ@]E\lE]\‘lﬁﬁ’]ﬂ’]iﬁm:}’}ﬂ?’mE*T’]SJ’]?E]T]’]S(Z}WHU (adsorption)

Aa o

L8z A1BN13QATU (desorption) 2890INaQATY 2 THa Tuasazarenddignazais
@87 (single solute) LLa:mm:mmﬁﬁ@”’;gﬂa:a’maam"’a (bi-solute) Tuns AT uuuf
aziN (batch) A138zA18NUI 1Y (background solution) AlFUsznaude 0.01 luadedas
CaCl, (0.01 mol/L CaCl, ) uaz 200 JadnIueadas NaN; U84 biocide (200 mg/L NaN3
as Biocide) AINa14 Q@éﬁ'ﬂﬁl‘*ﬁ’lummmaa fla twnNuNUG (activated carbon; AC) LLag
Yoa15Uo w1 IwULUUNES 1H89 (single-walled carbon nanotube; SC) @91/5u1as 1T S
sansulaginninuesasuds des1sazans 1:10000 lumnesannizuy swiums
@@sﬁ'umsazmm"‘sgﬂa:amLﬁm 3R nANUTNTHAFNT5NAN (CBZ ni0 SMX)
lus149 1-50 Fadnsudoans z%m%'umsgwﬁ'ﬂumm:mﬂﬁﬁeﬁgna:myaaa@‘ﬁ lTua
FIIUVITUAMNLTUTY 20 AaRNINGDANT 1umiﬁﬂmmsgwﬁumﬂm:uuﬁ%aaa P
maaamﬂlﬁmsmuqmqmﬂgﬁﬂ' 25 asenmaldos uszuzia 7 3% mniuezianiny
Lﬁuiumamsﬁmﬁaagﬂmwu oW AMUENIIUNIATUNAFIA9 ) BIFINAY
ARz Tie

Wu hazate (2016) [46] AN®IN1IANIA LN Sulfonamide I@mﬂﬁgwfmﬁw
wimannsinoanlad-nadlsd Tudgds wuin lunszuauntsgaduliunuiduas
(linearity isotherms) a%msma"l,ﬂm‘:@@sﬁ'uvl,ﬁﬁ@”whé’uﬂszﬁwﬁgR2 >0.9987 agluta9
miﬁﬂmLfiaﬁﬂmmmLfluﬂm-emmaamsa:mmiammmmsnlumsgm%’waa@‘ﬁg@
U L UNLaTE29 3.0- 9.0 UszinFnwnisgadiusulfonamides Vlﬁgaﬁg@ﬁﬁl,am 6 NMIQATL

A A A N
ﬁ]za@aﬂLNaNﬂqWLaﬁﬂgﬂmu WLaw 6.0 — 9.0
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Yang uasa e (2017) [47] Anwaansduwiiionsesaantuadulay Thiourea-
dioxide—reduced magnetic graphene oxide (TDMGO) lasi@in®NauadNIaT AN NT%
224 0D ULATANNTNTUVBINTAFINN wRAILALAY TDMGO flanusunInnIgaTy
TC 8898 U32&NTAW A1 maximum adsorption capacity (g,,) FI1WI bAANAFNANT
Langmuir isotherm t¥i1fU 1,233 mg/g 71 313 °K n13gagunn TC @1y TDMGO lay
wwmﬁuﬂai‘qamwamamﬁﬂumzmumﬁﬁLﬁ@‘fmaaLLazLﬁ@mmﬁ”auga NRTBINLET

wudwmsg@éﬁ'u TC @28 TDMGO guwag@ﬁ pH 4.0 ®1NNIDLAANA bN electrostatic

interactions cation—7T bonding 8¢ TT-TT interactions LLa:ﬂ’J’mﬁ’lw'ﬁﬂluﬂ’l‘igWﬁba@ad
A o ' A ' = A A o @ =< g a
\ia pH %aundn 3.4 Wiau NN 8 49 TC HszaaunIauiInauday MsAns e
4.0 \Ju@n pH ﬁmm:auﬁq@lumiﬁﬁ'@ TC UAIQATY TDMGO #ana N Na * uas
Cr #naisaanasdalsz@ntniwnisgady AU UTWYa A uuARa 136 > 0.001
o v L= Ql &/ 1 = ~ v 4
M mlwmmmmmlumsg@mumeu memmmmlumsg@éﬁua@mLaﬂuamﬁa
VANAN N NTUUBINTATINN uaﬂﬁnﬂﬁﬂ’ammsngwﬁ'ué’agwﬁ'uLLﬂ:ﬁﬁﬂé’U&lﬂ%’lﬁﬂ@T
8n 9nwa TDMGO anadudmgatufinunzandnivendjiuslugnimwiadaunii
Huang Lazatwe (2017) [48] ANBINATDINLETADNNIATG Tetracycline (TC) la
wa = & | a aa . ] %
ansAuneen loddaulALinandidafaganiuas Chitosan (MSCG) Wuin nIQATU TC
A & A . a ' ' = o A A & =
WudwdadilaTadaIacauagsznitedies 3-6 udafoy g aandlaNiorgedn (Nop
WAy 10) uaztilaansazanaditazdinindl pK, 189 TC (pKa = 3.3) TC aglujluand
8% (TCH';) uazAuAI7896INaNgaduLERIlzanIn Bevi liusananAuIzndN TC
L8y MSCG LLa@aiﬁLﬁudwﬁﬁﬁLammaamiazmﬂﬁwa@iaﬂizﬁﬂﬁmwmsgwﬁu TC Un
MSCG WazuanaINN13LAa electrostatic interaction mm’a’nmmﬁmainn’nsga%’uﬁu6]

VALY
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A = a o
ADNIIANWINVE

3.1 Janalnial wazaIsiARN IR lw13ITe
3.1.1 @aadnsnt
1) Duran 2 L
2) Magnetic stirrer bar (C-MAGHS?7, IKA)
3) Round bottom flask
4) Ring stand
5) Syringe 10 ml (NIPRO)
6) Syringe filter Nylon (pore size 0.20 waz 0.45um) (Chrmafil Xtra Pa-20-
25)
7) NIeBNIBIUL3 1 (Agilent )
8) 27a Vial LNURNTAZAY
9) dninasama 125 ml
10) to30au sl
11) wasludnas

12) RUDRUAWLAT

3.1.2 \a3asiiegunsnl
1) Column C18 (ZORBAX Eclipse Plus C18 size 4.6 x 100 mm)
2) Fourier transform infrared (FT-IR) (PerkinElmer, Frontier FTIR)
3) High Performance Liquid Chromatography (HPLC) (Agilent, LC 1260)
4) Low-angle powder X-ray diffraction (XRD) (Rigaku, DMAX 2200)
5) Scanning electron microscope (SEM) (JEOL, JSM-6400)
6) Sonicate water bath (Bandelin, Model DT512H)
7) Transmission electron microscopy (TEM) (JEOL, JEM-1200EX)
8) Thermogravimetric Analysis (TGA) (TA Instruments qfu Q50)
9) Vibrating sample magnetometer (VSM) (Lakeshore 730908, USA
10) 1n3asitaainiie e TOMY Digital Biology/JAPAN
11) 10309515 ¥ LSRR (BET) (APP-Application, V-Sorb 2800P)
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A aa

1n30985-3m0s slalasinlafiieas (Shimadzu, UV-1800 240V)

u

12)

13) 1A3a9TInzLBua NAROY 4 AR (GR-200, AND)

14) \n3aiueh (Shaker) (LSI 3016R, LAB TECH)

15) Lmaaﬁmmmmﬂﬂ’n 6000 JaUdaWIN (Centrifuge) (Digicen21R, Orto
Alresa)

16) m‘%iaa’i'@ﬁl,a% (pH meter) (Mettler toledo i;u FE 20 Five easy )

17) Lﬂ'%iaamw,l,ajmﬁﬂ (Magnetic stirrer) (C-MAGHS7,IKA)

18) 91aL (Oven-UNB-500, Memmert)

19) gaaa i (S.K. powerable)

20) L@l’]qmﬁgﬁgd (Furnace ELF11/14,14)

21) TONIAIUULFYINF (Eyela ,A-1000s)

3.1.3 8131ad
1) 3-Aminopropyltriethoxysilane (>97%, Fluka)
2) Cetyltrimethyl ammonium bromide (CTAB) (Serva)
3) Graphite powder (<20 pym, Sigma-Aldrich)
4) Iron(ll) sulfate heptahydrate (AR Grade, CAS number 7782-63-0)
5) Iron(lll) chloride hexahydrate (AR Grade, CAS number 10025-77-1)
6) Tetraethyl orthosilicate (TEOS) (98%, Reagent grade, Aldrich)
7) NRaNIadtad (CsHgO,) (50%, Sigma-aldrich)
8) niawaWIIn (H,S0,) (96%, Carlo Erba)
9) nyawaswain (HsPO, 96%, Carlo Erba)
10) n3alalasaaasn (HCL) (5%, Carlo Erba)
11)IGITL§£JNWI§1JE1LW] (Na,COs3) (AR Grade, Quality Reagent Chemical
Product)
12) ladaunaalse (NaCl) (AR Grade, Quality Reagent Chemical Product)
13) ladoyluian (NaNO;) (Carlo erba reagent)
14)
15) lalwunaiGonlalasianealsnaaina (K,HPO,) (AR Grade, Quality

lmdoylaasonlod (NaOH) (Carlo erba reagent)

Reagent Chemical Product)
16) ﬁﬁﬂé’ﬂmwu%qﬂ%%d (DI Grad 1)
17) WaawaIn (HPLC grad) (HPLC Grade,RCI Labscan)
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18) IwunaiGon lalalasiaunasna (KH,PO,) ) (AR Grade, Quality
Reagent Chemical Product)

19) lnunaGouitasuaaniiug (KMnO4) ) (AR Grade, Quality Reagent
Chemical Product)

20) wuniiBonaaa bad (MgCl,) (Carlo erba reagent)

21) Llun1uda (CH;0H) (AR Grade, RCI Ladscan)

22) asGlan (CH3COCH;) (AR Grade, Macron fine chemicals)

23) 8251la lula38 (CH,CN) (HPLC Grade,RCI Labscan)

24) Lanuaa (C,HgO) (AR Grade, RCI Ladscan)

25) wfanlnanas (C,HgO5) (Ajax Finechem)

26) wanluidiy (NH,OH) (30%, Carlo Erba)

27) 2anGLaa3 luAaw (Oxytetracycline) ( 97%,Aldrich richard)

28) lalasiamdaseanlad (H,0,) (30%, Carlo Erba)

3.2 ADANHUITWIDY
3.2.1 RUABLAZANEIUNANNATINTHAZINUIFLNLA LI D

o

3.2.2 é’aLﬂﬁzﬁ@‘?’mmomigwﬁuﬁﬁqmauu"’ﬁusjmfﬁﬂ 1% 3 Tha lawA @T’;@@ 1
e en ' = TS & e
agmamwﬂuaan%mmawmmmaﬂ nsadadantaanloauwnIAwaan loantln
1 =3 1 a aa 6 1 al {d‘ I 1 =3
LULARN LLazmwammﬁamaaﬂ"l,snml,axﬁga:ﬂuuum’]ﬂuaaﬂ"l,emmﬂw,mmaﬂ
323 ﬁﬂmawﬂ'&mamﬂmw-l,ﬂﬁ"uam”’mma@@sﬁ'u laun Iﬂsaa%waa@?’aﬂmo@@

a o

sulag Powder X-ray Diffraction (XRD) AufAR23 W12 (Specific Surface Area) lag'lale
LY]E]?J]J%&I’]M‘IJE]G%%I@]?W% ﬁﬂﬁﬁ§ﬂﬂmz‘ﬁuﬁ’ﬂ@Ul%ﬂgad’ﬂﬂﬂiiﬂﬁuﬂﬂﬁa\‘iﬂi’](ﬂ
(Scanning electron microscope, SEM) ﬁﬂmﬁ'nﬂm:ﬁ?uﬁﬂ@ﬂl“ﬁﬂﬁaaﬁgammﬁuuuﬁaa
N1 (Transmission electron microscopy, TEM) ﬁﬂw’myjﬁaﬁfuuuﬁuﬁ’aﬁ"mma@@sﬁ'u
ﬂ’lf‘uauiﬂﬂméad Fourier Transform Infrared Spectrometer (FT-IR) USuraunsiu
ﬂE]ﬂvL"'ﬁﬁ 31,@131:15%’11?7%“71'&33'5%1/\113 ﬂ%@J’]@]iE‘WE% LL&i%%W@EWE%@T’JU&Nﬂ’]ﬁ%QG
Brunauer-Emmett-Teller (BET) L& rAnwrany@nluiduwuaiinan Vibrating Sample
Magnetometer (VSM)

3.24 ﬁﬂmaauwamam‘?ﬁlaamigﬂﬁ‘u (Adsorption Kinetics) 88nGLaa 31 bradn
(OTC) uazmaniufanoilaa (SMX) @‘i’anma@@%uﬁ'éhmm:ﬁ%u Amariny 7 lagld

naﬂumsgwﬁ'ﬂwﬁaa 0-48 T34
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3.25 ﬁﬂw’ma"lﬂmigwﬁuumﬂﬁaQaﬁ]auwama@l‘fmaami@@éﬁﬂ@sla%”’mmm‘i’maa
o . . v aaa v o P .
n13Qasy (Kinetic Model) laun ﬂgﬂiﬂﬂ@%@ﬂ%udLaﬁau (Pseudo-first order) LLae

U

a o o A

UNTenauauaedLaiiaw (Pseudo-second order)
= o ad o @ a ' A a Y
3.2.6 ﬂﬂmvl,aiénmaumi@mu eUTusuuanangatusiians g Avtemvinny
7 I(ﬂUﬂﬂia%"wavlaImLﬂawmig}@ﬁffuﬁmwL°1T3J°1Twnaaﬁuﬁméﬁl,mﬁzﬂuﬁ’m 2.5-25
U8ANINADRNT LLa:é'm’]mmaq@T'mmogm%'miamsa:mﬂwhﬁ'u 0.60 NTNGARNT
=2 = ' =< Aa ' & a o o
3.2.7 ANENAVDINLOTINTIS 3 D9 9 NiNaGaaNWLIUUNLEIVBIAINA QAT
waz3yl (form) vesendfius Nildatsz@ntawnnsgaduvesfiananigady

3.2.8 ﬁm:rmavlﬂﬂﬁ@@sﬁ'uﬁ’sm,ﬂﬂﬁﬂ X-ray photoelectron spectroscopy (XPS)

3.3 NIAILATITRAINAWAATL
3.3.1 NMIdIATIRAINA AT UTRAn I AReanlyd (GO)

1) NNIATaRISA (H,80,) USHNas 120 AaddnT 89M14299 Duran U@ 2 893
ﬁLLﬁﬂQMéNﬁﬁLLiﬁ G'fidmuqulﬁqmﬁnuﬁmﬁ 7 0 asrLTaTE

2) 1ans1lWe (Graphite) $11am 2 niuaslunsatafiagn wibunisnnaslitian
AUTIELA38ININUNLAEN (Magnetic Stirrer)

3) niwdulwunadoudofuasnime (KMnO,) $1un 15 n3u 287971 9)
wiaunsniuansliianiudeinsosniwulnan (Magnetic Stirrer) Tuduitazifinansuam
Wuiaen

4) #1997 Duran 3J’]LLﬁluéﬂdﬁQﬂﬂ’JU@!quﬁﬁ‘l"j’ﬁ 35 aNANLTALTUR NI
gINENBENITY 9 LTwam 2 Talud

5) WRINHUEI8229 Duran muﬂudnf’:ﬂuﬁaﬁﬂﬂ%ﬁage]wamﬁﬂﬂé'lu
U51105 230 Sa8ans Meldn1snIudioiesasnInLalingn AIUAN NN AVITNINEN
ldldiAunin 20 eseoaidos Iumguﬁmmam:ﬂﬁﬂgﬁmaLﬂTaJLLa:Lﬁ@m”uLﬁaoMﬂms
wantnasluansuay

6) mumwauﬁqm%nﬂﬁﬁaaLflunm 2 Talaa

7) uinnanwl5ines 700 Saddnsuazniwdnig 5 W

8) wasannindnlalasanesaanlod (H,0,) LTuTH 30% Y5813 20

Jadfas sInavazlngfniedls
9) wunnfusanlodasnanarsazarsdrsinsaatiuindua(Centrifuge) 7
A21UL57 5000 JaudawTduiIan 5 win
10) fanmfiuesnladdionsalalasaaaSnidudu 5% 1w 3 A%9 LRoT3

aaulans INMNIUIITILINNAWEN 3 ﬂ%‘al,ﬁa‘*ﬁzﬂ‘mﬁ@ﬂﬁfmag



35

A a )

1) snniunldlaludoagfidauazauliuiingmnd so aseioaifos 1w

9 U

N aghetion 12 Falug
3.3.2 Mmydataziniluasn ladnasniausnanaaew (GO-SP)

1y senmilweanlod 0.10 n5u lefninafaniwdueidnlnanes (Ethylene
Glycol) Y5u1as 32 faddas(@ninas 1)

2) Fsuuniilng (Fe,0,)10 n3u ladininafantiuiduiefianlnanea (Ethylene
Glycol) Y5113 14 faddas (dninas 2)

3) nsiang 2 Tnnadly Sonicate WA 20 W7 URINENFITAZANBTS

794

4) fefninesunfiaiesnIna1sazans \iunga13adlad (Glutaraldehyde)
USunas 1.91 Gaddas maldmniudrsiaIasmusdingn iuwna 12 Talus

5) ﬁﬁdm‘"’;ﬂawgwﬁ'uﬁmﬁamﬁﬁﬂé;m‘hmu 3 059 lasusndanansgaduaan

PNFIRZRLAE LULAAN

=

6) Wrdnagadufldladioazfidaunzavliuisnamnndl 100 asen

q

EraLges watat1kay 24 Tlug

3.3.3 n13dataszRaInaNgatuaaalNdnlsNaTATAN I NLLAN

niluaanlyd (GO-SP-SIO,)

CHj
o/
4
o
d |\O/\
p
H4C

HsC. _O

~~
CHj

NINA 3-1 1as9aInaaiiuad Tetraethyl orthosilicate

1) TedhabanunTananluionluslud (CTAB) 0.5 n3u avanelusinnaw 50
§affasluwia Duran

2) 16y GO-SP 0.05 3% uaziinly Sonicate 1Huiian 30 w1f
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3) WAIINTLANIINaRISINAT 400 Taddas uaz 0.1 luadladoylaasen
o6 (NaOH) USunas 50 Aaddas awdauuLalt bl Sonicate 1uwiian 10 Wit

4) was9 N revIaDuran Mlne19t1 MeldnIININEIBLAEEINIULLLAEN
m‘uqmqmmﬂﬁmaammauﬁqmwgﬁﬁao 60 asenioaldus Wwaa1 30 wifl

5) LANENTRZAUINNILLaNTRealNITAING (TEOS) Uaz LaN1uaa (EtOH )
USanas 2.5 Gadsas Masou'ly ausey

6) NIUHANEITAILLATAININLALAED muquqm%nﬂﬁmaammauﬁ
pownniviag 60 asenaifomduna 12 T2 a9

7) 5’1\1@7’)ﬂﬁ?ﬂﬂﬁd@@%ﬂﬁ’)ﬂﬁ’]u%qﬂ§3 ﬂ%?aLLaszﬂ@”’mmagmﬁuaam'm
FTRZAILAILUAULAAN

8) fk’]@ﬁﬂﬂ’]d@@]‘fﬂﬁﬁdLﬂi’]z%ﬂ@ﬂﬁl%ﬂﬂ@ﬁ%ﬂﬁ&lLﬁiaﬁ’m’li Reflux

a

9) 1dnodlan USu1as 100 Jadans 31n%Hs Reflux luéﬂaﬁ'm'ﬁ'qmﬁgw 58
svenaaiToa 1waa 24 T2l
10) ﬁﬂvlﬂﬁﬁoﬁaﬂﬁﬁﬁqﬂ%{s a1 LAZULENAINANAATLIANINNRITAZALGIE
WALWAN
11)11’1@3";%’10@@6&“?1“[@“1@%5’;8 crucible LLazauiﬁLLﬁaﬁqm%nﬂﬁ 60 89611

AL RLIWIAT 24 T2 LN

3.3.4 M3daaIzRaInaaaguaanlnanalona SETANMANLAENN

sqﬂuaanlﬁﬁﬁ@iaamwy:azﬁfu (GO-SP-A-SiO,)

NN 3-2 1as9aInaaduad 3-Aminopropyltriethoxysilane

1) ediabasunTavanluitonluslud (CTAB) 0.5 n3u avanslutiinaw 50
faffasluwia Duran

2) Lfin GO-SP 0.05 N3 waztinly Sonicate uiian 30 Wil
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3) NRIMNUULANTINAY USu1aT 400 Haddas waz 0.1 lwans ladonlaas
anbwa (NaOH) U5a1as 50 dadaas awa1au waatinld Sonicate 1uiian 10 Wit
4) $7RINBY g1gv3@Duran A1 lud19in MeldnsnindlsiaIaInInLuLAEn
a A Ao a = a
AuauaminiivasaINaN g iives 60 asaioaidos wan 30 win
5) LANENIATANY INNILanTaealnIdaing (TEOS) waz Lanuaa (EtOH )
USunas 2.5 afaas maleald awdau
7) NMIBHFUFITAIOLATOINAIBUALAAN AIUANa MWD TVDIFNTHANT
pownniviad 60 aveiaidos wiian 30 wif
8) L@y 3-Aminopropyltriethoxysilane U331a5 0.5 fadaas aalanisniueae
wIsanmnkdiaan uan 20 Tl
9) AIFILAINANYATUAIBINUIFNT 3 ATILAZ LUNAINANQATUBANIN
FTRZAILAILUAULAAN
o @ o ;ro/ ' v A o
10) thennagaduNFuaTAlaldluiaiunauieri iy Reflux

a

11) iiwazdlau UIuas 100 Hadfas anuu Reflux lud19infigung il 58

U
aaralgea LIuan 24 T3l
12) thanangadun ldladioazfidauazuandananigaduaanainaniazals
AILUALARN

a

13) aulAuisnamngdl 60 asenimaiBos wia 24 Talus

U

3.4 m*ﬁmswﬁé’nﬁmzauﬂamamﬂmwLmzmﬁmaaﬁanma@lwﬁu

v‘hmiﬁﬂmauﬁ'ﬁmamomalmwu,a:mﬁmam"’aﬂmag@eﬁuLL@iaz"nﬁmﬁé'qLﬂﬁm @

PNTUADUT A AUWITRLADTANT 9 AILFAILUATTNN 3-1

A1519N 3-1 wwmﬁma?ﬁlﬁmmzﬁamﬂﬁmamﬂmwLmzmamﬁmaaﬁanmogwﬁ'ﬂ

wndiaas n3asfioATmaiie et
mﬂuamﬁirﬁmaﬂmaaﬁd Powder X-ray Diffraction (XRD)
AUARIT NN N, adsorption isotherm
%yjﬁdﬁﬁuuuﬁuﬁ’s Fourier Transform Infrared Spectroscopy (FT-IR)
ﬂi:@uuﬁuﬁa Acid-Base Titration
ﬁmgﬂuﬁﬂﬂﬁ Scanning Electron Microscopy (SEM)

Transmission Electron Microscopy (TEM)

U@ MU TwLAEN Vibrating Sample Magnetometer (VSM)
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a ' '3 %
3.4.1 M3anzianuanysalvaslassaie
‘V‘hmﬁLmﬂ:ﬁmmaugmimaﬂmaa%”ﬁwaa@ﬁﬂmdgwfuﬁﬁoLﬂﬂ:iﬂﬁ Tagld
A ¢ &a 'Y A A 'Y o g o a & o A
NABALANTLITANUNINTY 138 XRD FI01ARannITLRLILLWYITIFANTA8LATD
Powder X-ray Diffraction (XRD) 8%a Rigaku DMAX 2200 @28398landsfia Cu KO 7
Scanning rate 1,000 deg min™ w19 5° — 80° (26)

3.4.2 msﬁnﬂﬂﬁnvmzﬁyuﬁ'sﬁ"aﬂnﬁaaﬁgaﬂﬁﬂﬁaLgnmsammudaanim
(Scanning electron microscope)
ﬁ’mﬁﬁﬂmé’ﬂmﬁuﬁaLLa:mimzﬁnmﬁmawam"’aﬂmag@eﬁ'u weazTian
gaazdlalanldndasaanisaRdiinasouuuudadning (Scanning electron
microscope, SEM) §i%a JEOL 1 JSM-6400 rianrimMallaTMzithdInagaduNaNiL
Mnaufianududu 0.5 nsudedas vliAannszanedalumiazansdiundnaud
&9 (Sonicate) tutian 10 w1l INNUNRIAEITA2881989unaladnTzan (Cover slid)

ﬂdaﬂﬁuﬁaﬁqmﬂgﬁﬁaa el s rRIGRRA LRI

3.4.3 m‘sﬁnvﬁﬁ'nvmzﬁyuﬁaﬁwne’faoqaﬂﬁﬁﬁaLgnmsammudaad'm
(Transmission electron microscope)
ﬁwmsﬁnmé’nmﬁuﬁaLLa:miﬂi:mﬂ@”ﬂlaaéﬁﬂm@@@eﬁ'uLwia:%ﬁ@ﬁé'dmsﬁ:ﬁ
ldlavldndasaansiaudiinasauuuudassitu (Transmission Electron Microscope, TEM)
JEOL model JEM 2100 fiauﬁwmﬁmi’]:ﬁﬁw‘ﬁﬂmag@fﬁ’uNauﬁuﬁﬂﬂﬁuﬁmmm‘fm‘fu
0.5 NINGDRNT ﬁﬂﬁlﬁ@mim:mU@Tﬂumm:mﬂﬁaﬂﬂﬁiummﬁ'ga (Sonicate) tJ#i81
10 T INTRIATITRIDEN989LH Cu-C Grid ﬂdaﬂﬁuﬁaﬁqm%nﬂﬁﬁaa LaIvianN1g
Jiaevide b
3.4.4 mﬁms’mﬁmﬂszqnuﬁyuﬁ'sﬁ'salmsv[mmmnm-ma
WwisNaazaelodonlaasanlod (NaOH) a1sazaunIatalasaaasn (HCI)
0.025 Tuafuazansazanslmdsunaalsd (Nacl) 0.1 Tuans lusin DI 18.2 annsiuwiaea
mmzmwawﬁﬁﬂ?mméﬁﬂma@@sﬁb 0.1 nSuAaANT laaviliansazanaudazaIadani
LTANIAUAILATLAN HCI 538 NaOH 0.05 0.1 0.5 uaz 1 4adaas wvialadiuias
PR 25 TaAANT LATAILANANULTIVDIUTEAMAY 0.01 Tuans @188138za08 NaCl
nniwsbsingragne e 200 sausdaunfi ﬁqmwgﬁ 25 94ATALTUR LULIAT 7

FLN9 LAINAN LA UILN WA I LUFNNTA 3-1
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c [[Hc]-[nson]-[H 1+ [or 1}
Surface charge (;) = Ny x 96,500 (3-1)

e [HC = enudutuwas HCL e (mollL)
[NaOH]= emuigutuas NaOH fitéia (mollL)
H7 = anudutuvadldsnawloaan (moliL)
fuineldann pH = -log[H']
[OH] = anudutuvedlaasenlad laaan (mol/L)
fuinsldann pOH = -log[OHT] wae pOH = 14-pH
96,500 = FasiwITIad (C/mol)

M = NNUNPBIAINANQATY (g/L)

a ¢t Aa o
3.4.5 N1IILAITIEHNRNRITUNE
o a 6 d? aia o 6 a @
mmsienzimnundssumnzlasltlelameiunisgaduvesiulasau lasls
LA3849 Autosorb-1 Quantachrome Automatic Volumetric Sorption Analyzer §i%e V-Sorb
34 2800P 7 77 89108 % AaBINITILATIZRING2IE7 0.20 NIY aULNa lda1nan
aaunnil 105 asruoaifos 1w 24 Talus eidnfswdoudrsgiiannazatuu
WUEY WUARIFTWNE (Seer) Furmwlaslfaun132849 Brunner-Eller-Teller (BET) lasns
sl%ﬁaga"laimwa%’unwgwﬁ'umaavl,uiml,am fNILTWAINTUUAZUTUATINTL §1NNTD

funlalasltaun1svad Barrett-Joyner-Haled (BJH)

U
3.4.6 MINATHARYNIATULWAWE

° a & & o A A & o A .

‘mmmmswwwHﬂaﬂmuuuwummﬁﬂuaaﬂ%@ laoldiaIas Fourier
Transform Infrared (FT-IR) 8% 8 PerkinElmer 3% Frontier FT-IR) aseRarodunan
asidnlatalad T19a1Una Ty 400-4000 cm™ L@SHUABENIAAWAINITILATIZA LA N
m@“’mmag@sﬁuﬁu KBr LLﬁaﬂw'lﬂauﬁqm%n“ﬁ 105 AIANTALTER LTWIa 24 T2la9
LaztAUlARALALAaIAAWRINITILATIER INaaANANTENUAINNITIUNIBALAAIIN

&
AINDTU

a e 1 [ a o
3.4.7 NMTIATITRANLALN KA NAILINARANITAR
st rskand@nsudminuuiuilvesdinasgadulasldinias
WITAFNT AL AAN las3TnNIaual889 (Vibrating Sample Magnetometer; VSM)

3
it Lakeshore 3% 730908, USA qmﬁqﬁﬁaa 1uwan 5 3w
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3.5 NsAn¥IUsEANSAINNIIAATL
3.5.1 nsdndazansnmnsgaguiiiosnn
o =3 a A et d? 2 R ad o a A A
nsdnslszaniniwnsgaduidasdunveny fFus Sruou 3 aiia fa ndlus
Waano18u (Ciprofloxacin: CIP) ilusnufTriuznguailulan sraandiaaiilonin
(Oxytetracycline : OTC) Lﬂumﬂﬁﬁummjmmmﬂmﬂﬁu wazpnganuFanslaoa
(Sulfamethozaxole: SMX) tluenlungudanunlad iWaifiansdfFruzaanisgaduli

ﬂs:ﬁw%mwgeﬁq@

3.5.2 NMIANBINAVDITEHZLIAIADNIIQATU
nsAnmaaunamaasiaselfiusdrodinarsgadunniusenlodid

AMENUALULWAN Sadananmsnmluiata 3.5.1 WisuieuAuanaNgaTun L
aan‘lmﬁﬁﬁqmauﬁmjmﬁﬂ@l{iﬁu (GO-SP)

1) 1@384 Stock solution 811 fE1uzAar1uiTutu 1000 fadnsudedas lu
Wuaa Usunas 10 Jadaes luwiedsudsunas

2) 3Nl AuFIaTRaanFiaaToadnluialulsunes Aenudute
25 JadnINGAaaaT muquﬂmwaamm:mmwhﬂ"'u 7 lapnaanatiwinas UaTAILAY
ionic strength MALYINAL 0.01 luadadas

3) faﬁuaﬂ'ﬁd@?"sﬂma@@sﬁ'u%ﬁ@ﬂﬁﬂuaan"l,sm{ USunaw 0.020 nu laasluln
1I03UTIN

4) duidusaased Usinas 35 Jadaas

5) ﬁwmm"’aashﬂﬂ%ﬂﬁuﬂﬁuﬁga (Sonicate). a8 15-30 w1l wiaLiiaiin
i1 nflueenloduiusasdnnunuaTaza st es au duiau

6) wanesainalwsgndasasass muqmqm%nﬁwﬁﬁu 25 DIFLTALTR
250 JoUREWT LaslfiuanTazanafaasnafiaan 5, 15, 30, 45 Wi 1, 2, 4, 6, 8, 16, 24,
30, 40 UAZ 48 T1lug

7) N32ILUNGAINANAATUBANGILAINTDI Nylon membrane filter (pore size
0.22 pm)

8) ﬁnmiazmuﬁvlei”ﬁnﬂmsmmvl,ﬂ?me:ﬁﬁam@ﬁt‘mg? -Aaamdalasiila

fnas (UV-vis spectrophotometer)
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3.5.3 ns@nwlalamannisaaguandjiwe
a [ . Y Aa aA P v @ =2 A a o . A a
LAENAI8E19NNN U JTIusNANNTNTY 5 D9 25 Tadnsudedas USunas
100 HAARNT muqmﬁmmaamm:mmﬁwr‘fv 7 laoWaaauWiwes WaTAIUAN lonic
strength 1%41vinnu 0.01 luadadas
1) FIGINANQATU 0.020 N34
A o A & 1a A aa v o A A 'Y
2) @niReFIATNEAUSINAT 35 Aaffas awanudutuesonld
3) hanaaee9ly Sonicate 1uan 15-30419
4) ﬁwméﬁamﬂﬂL°nsh@Tama?aowmﬁqmﬁgﬁﬁaammL%sau 250 39UAD
Wil angnzanga (Jszunm 36 7134)
5) NIBILINAINAWAATUIANIMNENTAZAUAIBAINTBI Nylon membrane filter
(pore size 0.45 lulasiuas)

6) Aanzimeiniasyi-damialasinladines (UV-Vis spectrophotometer)

3.5.4 @nwmavasfiardanaE a1 lkn1IQASY

1) e3suiAsdinvndeenflannsuaauinnutudu 25 Saaniude
507 lagldlussssanotdWivasifies 3, 5, 7 uaz 9

2) fﬁsﬁﬂmdgﬂﬁu GO-SP 1381t 0.020 N3 aﬂum@gﬂmyjﬁ'mmﬁmm
@99

3) uiidusaase Ysanas 35 adans anvenududuiiesonly

4) ﬁwme‘i’aazmvl,ﬂﬁﬂﬁ’mim:ﬁnﬂ@?’ﬁluﬁaﬁm:mU@T’Jmﬁummﬁ'ga
(Sonicate) tJwt281 15-30 w17l vﬁaLﬁaLﬁudw@?’aﬂmagwﬁ'uLLmuaamﬁwﬁ'uﬁ'umm:m51
Jiwas s dunan

5) aaaaradnslwgndisin3esgn (Shaker) ﬁqm%gﬁﬁaammﬁaiau
250 YU wdNFNaNqa (Uazanmk 30 S2YETR)

6) NIBILUNAINAWAATUBANGIBAINTEY Nylon membrane filter (pore size
0.45 pm)

7) tsnsazansfilaainnisnsasly 31,@15’1:‘15673mﬂ'%iaagf‘a-fiamﬂﬂimiﬂm

LM (UV-vis spectrophotometer)
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3.6 M3An¥INalNNIAATUAIBINAKA X-ray Photoelectron Spectroscopy (XPS)
o a 6 £ > Aa
firnnslesizinalnnisgadulasanduinafia Xray Photoelectron
Spectroscopy (XPS) @a833Fand uaddaszAlnladianaseuniandaasaanunlusis o
— 800 eV

3.7 myialSanmenadaiuaassnljFmedsaiosyidasalasiWlofines
1aUSIUANNTNT U mﬂﬁ%amﬁmmLiuiugaﬁ'sﬂ’iﬁn’rﬁ'@@hﬂ’rﬁ@@ﬂﬁu
LEIU8 I8 (Absorbance) @28 1LASD I pi-dasidalasiWlafitaas (Uv-vis
Spectrophotometer) (UV-1800 240V, Shimadzu cooperation, Japan) lasvinn1siased
TaslfunuUfus 3 ofia OTC, CIP uaz SMX fianusnIndn 274, 270 uaz 258 w1l

WAT NEIAL



UNN 4

Nﬁﬂﬂiﬁﬂﬂ’ltlﬁ:ﬂﬂiaﬁﬂ‘i’lﬂﬂa

fal A ea 1

aa a Aa ¢ = [~
4.1 ﬂ’li‘]/i'l‘)ﬁﬂ’li?lLﬁ&J’I:ﬂNi%ﬂ’l‘i’)Lﬂ‘i’l&’ﬂa%ﬂ’lﬂﬂ‘i’lﬂ%ﬂﬂﬂl’ﬁﬂﬂ&lﬂ&dﬂ@]tt&tﬂﬂﬂ
ﬂngmnU"l@amumagaLﬂmnmﬁmimLm’lmmﬂmdgmmﬂﬂuaan"l,ém"n
Jrulaunainan LLanL@Tﬁwmsé'qme:ﬁm”'mmqg@sﬁ'ummm’i% laun 950 1 BULWIALLT
= ' & @ = & & o )
2YI8N5UTZNOULRAN LTU WAANTALNG LAANAAE 136 UUNTAUen loaNFIATIZA ke [29,
ad A =2 A & & o ' & A A& ' A
49] uaz 350 2 msmaagmmmnuvlmmaaaammmgﬂaﬂ"ﬁuaumm LT vagazzﬂu
U A Y 6 Y o ™ 6 @ s =
(NH,) udaiafaudisniuaanlad [30] lasldnidsanziaanangadueaziboa

AIA1319 N 4-1

P> a v e Ao o & A ada
MN13719N 4-1 5’]£lﬂ$L8ﬂ@]@l?ﬂﬂ’]dﬂ@]‘ﬁﬂ‘ﬂ‘ﬂﬁﬂ’liﬁﬂLﬂi’]z‘ﬁL‘WE]VY]’)‘E‘Y]L%NWZE‘TN

P> A o o an Y ¢
N | ZaaInavaaty A5nNsdILATITA
1 | GO-SP FuWIALUTHY I sUSEnauwanuunI A uaanloan
RIATIZN be
= a 6 6 v 1 6 v A A 6 [
2 | GO-A-SP miassaumaunnitindnessasddionyiarisudunsy igu
1 a % ] a v 6
wijlaiiu usrdadadrannuaan o
3 | GO-SP-SiO, MIAAAFINILBAINANQATY GO-SP
4 | M-GO-SP-SiO, ndadanyNentudunidoiiaweasuaulalasdd post-

grafting U#@INa18 GO-SP-SIO,

5 | GO-SP-A-SIO, ndadadinuazninandudunidoiinezilulasitaeu

LAWLTTUIIN (Co-condensation) UHAING GO-SP

WNBAe: GO wanufly nyuean’lad, SP nanafs unnitlng (Fe,0,) , A wunodis ny
Wantudunidofianyeziily, M nanods wNsitudunidofianyinaiuadle
WAz S0, nNNwHI Sanaan b

ﬁnﬂﬁfuﬁwﬁﬂmaﬁﬁaLﬂiﬁmﬁlﬁmﬁﬁmiﬁnmﬂi:?{‘n%mwmigWﬁ'uLﬁaoﬁuﬁ'um
Ufgue $1maw 2 ol Aa endlwswaanofu (Ciprofloxacin: CIP) iupdjTuzngu
a1lulaw uazpraandinainlaain (Oxytetracycline : OTC) WusnUjHuznguiaa

a : o a a % aa PP Y A o
vLinﬂau i’J&JﬂUﬂﬁiLﬂiﬂl}LVIEIUI@N’&TN LASRUUANINNIUNTNLLRELR NVIVL@'%'mﬂ’Fm‘LIﬂu
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]
s = v

@ a a A oA aa o &al a A = =]
Taaaﬁ]’]ﬂ\'j’]u? NNV LWaLaaﬂjﬁﬂqia\‘il’ﬂjqzcﬁwL%N’]zaw‘ﬂa‘;(ﬂ PININIIANY

%

a &
IUNSLBUANIIS

6

4.1.1 HRVDIAMNLANANIVDIIDNITHILAIIEN

] % L™ a [ 6 v ada a

WUI1 AINANQATUTHA GO-SP (FILAT1ERA18 DB UINIALLT YD
13Uz UANLUN TR U N LTGNRILATIZALA) LAz GO-A-SP (§9LATIZHRULNNTATY

a 6 6 v ] 6 @ A A 6 v A v 6 =
aunauunitindasasssddrvngdWaidudunidudafovdronmduaanlad) &
Uszininmwnigatuenujiiusisaassiiawinns (U 4-1) aradwwinzdiunm Go
A a v A ) \ = A a a [ o Ao
ndafaldlndidnenu agelsfianumnidisuifisudTainadinaigaduniaanzildlu

o @

LARe batch i'wnmlaya‘[maaﬁ?ummwﬂ@mumwu,azmﬁmaaagmﬂnmﬂuaaﬂ%ﬁﬁﬁ

wa 1 <3 a o 1 a o 1 ndni ' ) o L4 = 1<
ﬁ&l‘l_l(ﬂLLNL'ﬁﬂﬂ'ﬂﬁGLﬂiﬁzﬂwL@ﬂuLL@]azd']%')ﬂEJW']_I']'W Qﬁﬂuqﬁ]u%NWZﬁNﬁWﬁ?UI"EL@]?UNLﬂ%

A a

AINAIQATLAD BULNTALUT UV IR TU TENALAAN LN TR KN kAN FILATIER Le (GO-
SP)

GO-SP
51 [ Jeoase

Adsorption capacity (mg/g)

Ciprofloxacin Oxytetracycline

3UN 4-1 Uzdinimwnisgaduond jiuedlunswaananduuazeandiaanlonfvu
é’aﬂmag@ffﬁ'u GO-SP a2 GO-A-SP N3aUANULTNTWINAY 30 UAANITUGADRAT WLaT

f1IRzANUINNY 7 anusavaulunisiuen 250 Yaudauwin

4.1.2 HAYBINITADAATANIURAINAWAATLU GO-SP

= a a £™ ad d}’ £ >3 %
nnmMsfnsdszinimwnsgadusnd fiueidasdusasiinarsgasy GO-SP
o o o o o P A o = . a
aal,ﬂ@lvl,@mmia:mslmwmmums@@mumﬂ GO-SP #RLMADIENEa® S TIANAI1AN
mnmwgwaﬂaaaumaamﬁnmm‘i’aﬂmagﬂﬁu LRUNALDURITUIZNOULTITOWALRIT

(Y A A Ao A, o A ' . ' 2+
ANAINITNYN ‘HGNOW%’]’%El“/]ﬂﬂ%%%’]%i’]HGW%QWVLE]E]E]%TE]GIQMZ (metal ion) L% Cu ,
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Fe? sunsntiana lnfLadi (chelation) nusndfFiustiaiduansUsznouiBoton aonn
d' ‘ﬂ' - va v R A a o = ¥ aa & =S

\WaLWY stability atazg{398290UmIAANNITIARaY GO-SP d28Ein1 T99nnIdnm

WU GO-SP-Si0, MuNInaanIngavadnantasanlda’s unilidszdniawlunig

QaFugindn GO-SP avdudnday (UM 4-2) ihasn1annisdedadiniaiadnvinle

danagatudanunainnatsvesnylaidu [50] ﬁadawalﬁﬂizﬁwﬁmwmigﬂﬁu
o

VAN

4.1.3 HAVBIN1IRBAANNNINTUBWNITURAINAAATY GO-SP

WU Lﬁav‘i’mﬁ@iaa@%ﬁmLmzvsyjﬂaﬁfuﬁuw%‘%ﬁ@azﬁiuiﬂﬂ?ﬁﬂaumulfnfu
973 (Co-condensation) U%#AIN&14 GO-SP Wu31 GO-SP-A-SiO, ’Lﬁﬂi:ﬁﬂ%mwms@@
funaandiaa loaiu (OTC) §9nd1 GO-SP-SIO, uaz GO-SP SafimIsafaganies
aenLdied (3U 4-2) lwwmel GO-SP-si0, m3gatu SMX ldgenin GO-SP-A-SIO, ua:
GO-SP %8n37n# GO-SP §141309ATY CIP vLﬁﬁﬂ’i’l@T’mﬁ’N@WfﬂJﬁﬁﬂ’ﬁ@T@LLﬂi‘ﬁuﬁ’J
PNHANIINARDITIAWLFAILALAUIN %yjﬁaﬁ"ﬁ'uﬁwn%'sfﬁ@ia@muuﬁuﬁwawﬁnmag@
TUANAGAANH NN ENINULAZIANYBIGINAQATY Twrulasssfisvassd fius

LANAIINI dwam:wmaﬂizﬁw%mwmi@@sﬁ‘u

15 =1 GO-SP
7 77 [([11] GO-SP-Si0,
| [EZEGO-SP-ASIO,
12
=)
E e
a /"’ <,
7 /
4
0 | Zn . 1
ciP oTC SMX
Adsarbent

d. 1 a 1 o 1 Aa A s ad dl et
;sﬂ‘n 4-2 Nﬂﬂ]@dﬂﬂi@lﬂ@]@ﬁgﬂdﬂ“ﬁ%@ﬂﬂﬁzﬁ‘ﬂﬁﬂWWﬂ’]i@@‘ﬁUEl’]l]g]"ﬁ’l%& ncaunIy

T WSUAY 10 FaANTUADANT NLATRITAZANULYINAL 7 a1nutS2vauluniTiuen 250

JaudawIN

PNNANITNARBININET? ?iaﬁﬂﬁ’ﬂm:;ﬁﬁ'ﬂLﬁaﬂ@ﬁﬂmag@eﬁuﬁﬂmu 2 3@ Ao
GO-SP-SIiO, Uz GO-SP-A-SI0; ialtnasaulszdninmwnisgadumujiug swiu 2

il FInuluFIwInaaNds fe 1) eandiaanloain (Oxytetracycline, OTC) Luadunu
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enlungu Tetracycline waz 2) Fanwufanailan (Sulfamethoxazole, SMX) (Huaauns
m‘lumﬁu Sulfanamide Lﬁaamnlﬁ’ﬂs:ﬁw%mwmigWﬁ'uﬁm'w GO-SP @96 % 13489310

[
o o @

nwissistunIsaudinangeduasdulilausinuznmigaduend jEusaau
4.2 NMANHIFNTANWNILANUALANVBIAINAWAATL
nulttlddnanzddanagadunnilueenlodnduudinan aadu (GO-SP)
dinagaduaanlndniulawesadinuunudnnmnilueanlad (GO-SP-SI0,) danans
gaduaanlwdnloneiadinuunindnninuesanladfidedanyeziilu (GO-sP-A-
. < a [ A a (g . 2L a =
Si0,) nswi Al nziand@nmanmaenwusziafvesdinanigady Salinanisdine
A%
4.2.1 1A3939HANYDIGINANAATL
MNHANTUATIZAAINANQATUNFIATIZHNI 4 Tila GO, GO-SP, GO-SP-SIO,
WAz GO-SP-A-SiO, lasl4ia3as X-Ray Powder Diffraction (XRD) ¥innN33LAT1EHN 20 =
= o = A o x4 o A '
5.0 f19 80.0 laslassaianinvasasnduanzinuuaasagdf 4-3 wudngduuunis
X v Ao ¢ A A o A o A =2 ] A o X
VRELUUUBITIFLENTUR9 GO SNARANT 20 =11.69° TILFAIDILATITIINNLARLUTIA

289 GO HaNINH GO ﬁﬂ"myzﬁﬂaizmwfmaoagmﬂ (d-spacing) ¥i1AU 0.76 Wl

WaT waztlai3ouny d-spacing 284n371ING (d-spacing = 0.34 1 luiuaT; 26 = 26.7 °)
WU’j’]ﬁﬁ’lgdﬂ’j’mi’]leGT LLamﬁ\‘imsﬁaQmamyjaaﬂ%wu@m6] lundasTuuuiNwEIv89n
NNdAsraINTANTEUIRENTATY [51]
dQ/ e A v 6 (d‘ 1 a Qa 1 =3
sUununsidsnuwsesifdnduanueenlodndedanuauniauinin
a { 1 & k% a 1
(GO-SP) WUNWARANTIAN 20 = 29.0° 35.5° 43.0° 56.9° WAT 62.8° TIRAAARINULATIT
=2 & . = A a a ! =
WANTaIuNnIUING (Fe;0,) atnalsfianalailoufinuszningluuunadiiuuses
GO uaz GO-SP Wui1 GO-SP litsngAnd 20 = 11.69° oradulydladrlasesnandn
289 GO gnvirany Lo99NNNA Y JNTUIMUUNIIANALNBUIIN (co-precipitation)
1 A g U Q a v { 1
wwivaumauuniuing uaz GO F33uuNIALNLUREAATBINLTIBNUITLNHIUN
[51] wanan wudrsduuumsiasaiuwsesTifidndues GO-SP-SIO, uaz GO-SP-A-
s 1 s & v & 1 4 1 a £ aa
Si0, anBaULANTUALINY GO-SP GsuaadliAuinlainisdadfia GO-SP aaudan

LLazuga:ﬁIu laidnasialavesninanuad GO-SP
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GO-8P-SiO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 theta (degree)

31N 4-3 uaealassianinaasdINa19gaty (XRD)

4.2.2 RwiRIT WL UF01ATINTH UAZBMIATNIH

Lfiaﬁﬂﬂ%mmmsgmsﬁ’uLLazmmsﬁ'umaaﬁnﬂﬂmwmad@Taﬂma@@ﬁﬁ'u IR
nnwlalmmasunisgadu-aadufialulasan azamaunsanizluuuanusunuszning
mm@”ué'ww”ﬂﬂm:ﬂ%mmmaaﬁweﬁﬁgﬂg}@%miaﬁuﬁsﬁnmag@sﬁ'ﬂﬁ mﬂgﬂﬁ' 4-4 WU
Lé"u"LaIéﬁLwas’umsg@ﬁﬁ'uuazmyﬂﬁ'ﬂﬁ”’]ﬁﬁ"l,uiml,ﬁ]umaw‘i’anmag@ﬁﬁ'uﬁga 3 vila ldfouny
N mﬂmﬂﬁ@msm‘uLLmi,umflm’%"Lugwgu ldiiadanaida (Hysteresis loop) 1wt
AU HIUN TGN mmfuﬂ%mmmig@sﬁ'uw‘v"wfuaaim'm@L%'stiaﬂmm”uf,%'uﬁwﬂﬁwfu
S‘fjdLﬂuﬂﬁﬂgmszﬁmi@Wﬁ'uﬁw”ﬂwului'aq‘ﬁ'ﬁgwgumm@ﬂma wazsatdulalanasy
Uszinnil 2 (Type-Il) aamiuundszinnvaslalamaiunsgadufinsves

AAwAAIS I TiaanTad 1w ol @ aunnTues Brunner-Eller-Teller (BET) uazdn
PNATWIHLALUINNATINIUIFUNNT Barrett-Joyner-Haled (BJH) LRAIAIGIANTT 4-
1 aaha”liﬁmwLﬁaaﬁnﬂimaa%”wé’mgmmam“’mmagwﬁ'uﬁé’qLmﬁzﬁi‘fulﬂufmﬁv[&iﬁg
Wi 9t °1Tagammmgwgmmzﬂ%mmgwguﬁiﬁmﬂmsﬁﬁmmvl,a‘[mmaa?umigmsﬁ'wao
falulasaniwlinisiiunfarson Lﬁaamﬂgwquﬁ’imﬁzﬂﬁmaLﬁ@mﬂ"ﬁaadn
3TRINOUNIAVDY SP %%aﬁaadwizmwLLw'uﬂﬁﬂuaaﬂ"leﬁﬁﬁvlﬂlﬁgw;ulﬂmaa%ﬁwaa

El‘LqLeﬂ’]ﬂ
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50
200 4 GO-SP GO-SP-SiO,
40 2| 3 -

- [BET (mlg) | Total Volume (cm/g) | Average pore size (nm)] - IBE;(rgB/g) Total VOgug;e (cm’/g) |Average %o;ez size (nm)l

= AL 16.59 | [ - . E

© 150 @
E E 30+

5 > i

3 T o

o 3

2100 4 2 s

3 § 20-

° °

© ©

2 2

T T

S 50 S 104 —O— adsorption
c —O— adsorption c —@— desorption

—a— desorption
0 0
T T T T T T T T T 5 T
0.0 0.2 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
Relative pressure (PIPD) Relative pressure (P/P )
50
GO-SP-A-SiO,
404  [BET (m’/g) Total Volume (cm’/g) |Average pore size (nm)]
[3432 0.12 9.28 |

20

Quantity adsorbed V(cm®/g.STP)

—O— adsorption
—&— desorption

T T
0.4 06 0.8

Relative pressure (P/P )

31 4-4 "laIsnLﬂai‘umsg@sﬁ'u-mﬂsﬁ'waaﬁ”wsﬁvluIWSLaumaaéi‘mmagwﬁ'u

A13191 4-2 PWNAFWIH UTNATINTH UATHRARITUNZVDIAINANQATUAN

AINAWAATY | IWIAINTW (nm) Uanasgnim AnARIT WL
(cm’/g) (m?g)
GO-SP 16.59 0.320 7717
GO-SP-Si0, 8.82 0.07 31.68
GO-SP-A-SiO, 9.28 0.012 34.32

U
4.2.3 MINATRRININTUUUNBRIGINA QAT

MINATNEARYWIATULUAREIVEY GO, GO-SP LAz GO-SP-A-SIO, 814170

AT @28LA589 Fourier Transform Infrared Spectrometer (FTIR) lapa13dunsy az

A oA v 9§ o @ o A o \ o a a a6
ﬂ@ﬂauiﬂa IR LLa’Jl%ﬁLﬂﬂ@]iNaaﬂu’] ﬁLﬂﬂ@]‘iavam]zLL@Iﬂ@]’Nﬂ%@]’W“EWﬂ“ﬂa\‘imiau‘ﬂiﬂ

luluana snauvedinaigaduns 3 siia urasgdi 4-5 (Mell sunasuvas Go-

SP-A-SIO, Han®MILTULA8INY GO-SP-Si0, 34 b7 aUnasuuad GO-SP-A-SiO, 111
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FIUNUVIRINNITIAIATIUNaSNVES GO WU Frunikanuaf 3300-3400 cm”
(O-H stretching) LLa:ﬁI 1627 cm™ (O—H bending) LLﬂ:ﬁﬂﬁl 1744 cm™ (C=0 stretching)
mamgmi’uaﬂsﬁﬁﬂ W&z 1053 cm™ (C-O stretching) mangﬁwam‘ﬁ [52] Lo Ra1 TN
anasuvas GO-SP WU Anfl 1744 em™ Fuiastsinguu 6o wia'ly yawnsdiinlne
\Aaduf 587 cm” Goiiuinuas Fe-0O stretching maoagl,mmmmuvlﬂﬁ [53] NA2IN
aanm%’m“’aﬂﬁmmmmﬁuﬁu"l,@i”'jwaksmﬂmeuvl,mi‘mmimia@@uu co lassa

Harnnssafadanuazesdluun GO-SP wuin smunasuvas GO-SP-A-SiO, &
ANMIATARIUANINUA B ﬂsnng'ﬁﬂﬁ 803 cm™ (Si-O-Si bending) 1083 cm™ (Si-O
stretching) 950 cm™ (Si~OH stretching) wazAnf 2920 cm™ waz 2851 cm™ Nuaasf s
C—H stretching wasnadada [54] at19l3ia1u N-H stretching ﬁ'a:ﬂﬁngﬁ' 3300-3400
cm” 289 GO-SP-A-Si0, limwsnszy e

GO
W
GO-SP

\

1380 (C=C)

1627 (0-H)

GO-SP-A-SiO,|

Transmittance (%)

803
Si-0-Si
bending

587 (Fe-0)

1627 (O-H)

3300-3400 (O-H) \
/ 2851 (C-H)

2920 (C-C) 950 (S-OH)

1083 (Si-O-Si stretching)
T ¥ T Y T ¥ T Y T ¥ T ¥ T ¥ T Y
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm'1)
51fi 4-5 @nasu FT-IR 284 GO, GO-SP, WAz GO-SP-A-SIO,
(®UNATNVDI GO-SP-A-SIO, Luanuuad GO-SP-Si0,)

U
4.2.4 msumwﬁﬂszquuﬁum
Usz@uuﬁ‘uﬁ’maa@T’sﬂmog}@%‘ummmg"l,ﬁmnmﬁﬁﬂﬁﬂuﬁ’;ﬁﬂiz@ﬁmﬂuguﬂ(
A . A ' X A o o ~ &
(PHpoint of zero charge: PHpzc) BANNLATEINIY pHpze WuRITBIGINAIQATUIEH Tz
a a 2( a [ o A = d'l 1 = .; 1 A
a1 1um\mamuwumﬂnaqmnma@@qjuuﬂszgLﬂummuammaﬂjmmﬂ pHpyc 99110
dq/ a = L tﬂl = ] v ad dl
MIIUILUUNUAIVBIAINANQATUNNLDTAN 9 a283 5 IMNIANIA-lUR (U7 4-6)

' IS & a @ o A a A
WU amwmmLﬂuﬂs:ﬁ;madwummaamﬂma@wmwLﬂaﬂml,ﬂadvlﬂmuww*’ﬁ H
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PHpzc 2890INAIQATU LA TRATANUUAN AN 1a8f pHpye VB9 GO-SP, GO-SP-
SiO, Waz GO-SP-A-SiO, YNy 4.30, 7.02 Waz 7.43 aus1au

150

100

B 50
Q
£
o 04
=
[}
S
> 50
[}
& -100
©
&
s 7 _a_co-sp
§ e

0]  —*—GO-SP-siO,

—— GO-SP-A-SiO,
.
-250 -
T T I T T T T
2 3 4 5 6 7 8 9 10
pH

311 4-6 AR I ITRUUNKEIGINAWQATY GO-SP, GO-SP-SIO,

W8z GO-SP-A-SiO, 71611 lonic strength L¥iNNU 10 mM

% 4” a % ¥ Y 6
4.2.5 nsAnpIansMeiniLaznIINzRGIzasanmalagldnaasganssdn
A ® 1
dLIANATOWUULFDINIIA (SEM)
MNNIANEIRN BT IWlaslFinadia Scanning Electron Microscopy
(SEM) 28462na19Qa 5L GO-SP, GO-SP-SiO, Laz GO-SP-A-SIO, Uaadad3uf 4-7
1 ii’ a [ ] a s v IS uq: di 1 a Qs
wudn Auwip89 GO iuuinsuuuaslanwmeiiusug [30] uaziliadadanuaynia
wuniwlng (GO-sP) wudn aypmauunulndinzuuiuiizes GO wandudaunszn
atInuILUUEINA IR TN uA I Ndaut 1923232 [49] lavinIdedadinuunuia
' ¥ A P 4 o & ¥ -
(GO-SP-Si0,) WuIMWBAIaMNTsuu NI uilaldSouiNauny GO-SP nitanatdn
IWNETANAidafatuafeuaguUuRIeuLUTES GO-SP-SIO, z%m%’umwiaawyjazﬁiu

LRZTANINTBNN® (GO-SP-A-Si0,) WUINazlan e WAL TUIASINY GO-SP-Si0,
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GO-SP-SiO, ‘ GO-SP-A-SiO,

, 4O o
\ 4
f

311 4-7 mwn"]umﬂné”aaqamwﬁﬁlﬁnmammufsiaansm (SEM)

POIMINANAATUTHRAG

4.2.6 msﬁnv']ﬁnﬂmzﬁuﬁauazmsnszmﬂéﬁmaamgmﬂ'[mﬂ‘l%’né'aa
qanssAdLIanATaRLLLFBIH W (TEM)

mnmsﬁnmé’nwm:ﬁuﬁﬂ@ﬂlfﬂﬁadqammﬁ&ﬁﬂmamm UFDINY (TEM)
VOIAINAWAATUVEI GO-SP, GO-SP-SI0, Uz GO-SP-A-SIO, fr8faIE189 50,000
L¥in ez 150,000 L¥in LLa@a@ﬁgﬂﬁ' 4-8 WU GO Aanwat T wLHWSUTWLALY FIuaas
ﬁdmwqﬂaammadLLNuﬂﬁﬂuaaﬂvlsﬁ@Tmsmﬁ'dms sonicate [30] LazHAINAALUTAIE
nidafadisagniauunining (GO-SP) wunaimzraseumMauanulndnizianizany
a8 UULA® GO ¥ l¥Auia Go-sP ﬁmmmgm: Gegaaadasnunnsnny SEM finann
a2 lura9e 8) 1laRa1TmIn NG w9 GO-SP-SIO, L8y GO-SP-A-SIO, lay

a =

WSHUNUNY GO-SP NANaIu8 8L YinnwA 150,000 Vi1 WU agl,mmmmuvlmﬁuu

Do

a . . [ Oq: a v a é’
WNUHIVBY GO-SP-SIO, Lar GO-SP-A-SIO, vL?J"D'@L"i]% 5ﬂ‘ﬂ\‘1ﬁﬂﬂ‘]ﬂ'm3ﬂaq&IEWE%Lﬂ@]“}J%‘U%

¥ '
) a A o '

aa a 09// = 1 d? a A o
WWNT mmflmwm:snamﬂmmmamuumaauaguuwummaa GO-SP a3anuwe

'
e

[ 1 v L a [ A v g v a o
AINRNIRDAARDINVITUIVEN mummﬂmﬁmsammm:ﬁm HADNILALING [20]



peAccelerating Voltage! Magmﬁcatmcamefa Length
50000 x

Microscoj
JEM-2100 200 kV/

Accelemung Voltage Magnification! Camera Length
50000 x

icroscope. -
JEM-2100 200 kV ~———200 nm-

GO-SP-SiO,

A

Microscope Accelerating Voltage, -
JEM-2100 200 kV/ ~———200 nm:

| GO-SP-A-SiO,

l JEM-2100 200
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mmsoopsAcceleralmg Vonage Magnification! Csmera Length
JEM-2100 200 kV 150000 x

——50 nm——

GO-SP-SiO,

»crosoopeAecelerahng Voltage!| Magnmealm Camera Length

JEM-2100 150000 x ——50 nm——

GO-SP-A-SiO,

- MicroscopeAccelerating Voltage Magnification camera Length
JEM-2100 200 kV

150000 x

P ' v fa & J i (s ot a
Ell?‘l 4-8 ﬂ’]Wﬂ’]Elﬁ]’mﬂﬂE]dﬁ)‘ﬂ‘Yliiﬂ‘l«LﬂLﬂﬂ@iﬂ%LLUUﬁBGNW% (TEM) ‘llﬂd@l’)ﬂﬂ’]d@@]‘ﬁﬂ‘ﬁ%@l

6199 Aifn§I81Y 50,000 WAz 150,000 ¥
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a ¢ A 1 [ [ 4 Aa v 1 o . .
4.2.7 N13NATIETRINVAUNLIWANAIYINARAA 1081961 (Vibration sample
magnetometer, VSM)
PMNNIANHIFVLALULARNGI8INARAA 1081981 (VSM) 289 GO-SP, GO-SP-
Si0, Waz GO-SP-A-SIO, I@sJLﬂ%‘ﬂuLﬁwﬂ”uamamﬁam’]mﬂmwjmﬁﬂmaaagmﬂ
wuniwlng (sP) annaWlugun 4-9 wuda danarsgaduns 3 afiasiunis SP 4
amaudduglidaswiuuniu@n (Superparamagnetic) las SP, GO-SP, GO-SP-SiO,
WA GO-SP-A-SiO, Ad1a11utduuatnantvinny 58.00, 34.44, 26.98 uaz 39.30
ANRIA
A o . A o a A ' A & | & v '
Wathan laundSeufisunuin GO-SP dranuidunsiinanitasnii SP 813
[ = 1 a £Z 6 =& o v I 1 3 a v
Wwwziinnsdefadioninfueanlad 39 lvaranuidusiinaniaionas [46, 55]
#aNINNHLABYIINITADAATANTIUUNBAIVEI GO-SP WUIANANULTUUNLARNAAR
4 aa ' ¥ a . { ] A X o
asandinuafevaguuiuiizes GO-SP lunidiuas GO-SP-A-SI0, NilALANTT

laisnansnasunyldanadasinminaaasdn

SP

60 —

GO-SP-A-Si0

40 2

20 — GO-SP-SiO,

.20

Magnetization (emu/g)

-40 -

-60 —

T T T T T
-10000 -5000 0 5000 10000

Magnetic Field (Oe)

Eﬂﬁ 4-9 suUanMNLTuLURANY SP, GO-SP-A-Si0,, GO-SP uaz GO-SP-SiO,

4.3 msﬁmsrmmlmﬁ"au.ﬂsﬁﬁ@iaﬂszaﬂ%mwms@lwﬁu
4.3.1 msﬁnmaauwamamﬂumi@lwﬁn
m‘sﬁﬂ‘maauwamamﬂumigﬂﬁumﬂﬁ%’mz OTC uaz SMX uum”’mma@@eﬁ'u
GO-SP-A-Si0, Laz GO-SP-Si0, muda L LI UL UAINa19IQaTy GO-SP AL
muqmﬁﬁmmaamsa:muwhﬁ'u 7 drpamnaiine s i lUwdrdae3aweni
A71NL37138Y 250 rpm FUGI88190 9L 0 A9 48 52109 89N TINANMUTUWHE

1 a tﬂl Qs t-ﬂl d Qs Qs tdl 1
53%’)’]0‘1]5&]’1%7]&’]‘5@@‘111]7]L’Jﬂ’]l(ﬂ"’] 1%&’]§G$Q’IUL‘Y]EI‘UTHJL’J§]’I (6]\1;:1:']_]“/] 4-10) WU
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@INANQATU GO-SP-SIO, aTueNUfTrus SMX AauduTuiTudu 10 mg/l atnd
sfmﬁaLLazLiwgiamqaﬁnmﬂszmm 4 Talua uaﬂmﬂﬁi:mna%%g&au@;amaoﬂ'ﬁg@sﬁu
OTC AT UTUSHEU 25 mgiL UHAINAWAATY GO-SP Lag GO-SP-A-SiO, 1y
8 uaz 24 Talug ey aznlddn nIgatuinUfFiuzun GO-SP itgauqaleiia
niuftasann GO-sP laidlaseainavasgnyu 397lA Adsorbate ananInvin duasizeniy
active sites °11aaé’anawgwﬁ'uvl@i”azmimﬁaLﬁmﬂ‘%ﬂmﬁﬂuﬁu GO-SP-SiO, ez GO-SP-
A-SiO, ﬁﬁﬁﬂumuﬁﬂmﬁwgwgu

LﬁaLﬂ%'slmﬁwﬂ’ﬁ@qu CIP uaz SMX AUMIQaTl OTC U%@T’mma@@éﬁﬂ% 3
wfia nauwuIIMIgadu OTC fzuziiaininnii 24 771w N4z gaNgan1IQady

nitoraduinnzlasiairezes oTC Huwaluanalnaind’ SMX MamsdnyWeidunu

v A
Iﬂix‘]ﬁi’]\‘iﬂﬂaqﬂﬁﬂqﬂ
T 30
SMX oTC
6
° 254 .
Y ° Y Y . o °
5 e
R 20 4
44 - > > > > > >
=) =)
k=) B 199 | &
E 3] E .
- | | | ] | | n -
o
- ™1 ] | ] QF w0d ¥
2 » GO-SP
. ] GO-SP-A-SiOI
1 ® GO-SP s ¥
| @ GO-SP-Si0, {
0 0 "l;
1 T T T T T T T T T T T T s T T T
0 360 720 1080 1440 1800 2160 2520 2880 0 400 800 1200 1600 2000 2400 2800
t(min) t(min)

311 4-10 WavaITzEzNAGENIQATUENL JTIMzUUAINAWAATY GO-SP, GO-SP-SIO,

U8z GO-SP-A-Si0, lasaiuqy pH YAy 7 a2nuiTalun1siuen 250 rpm uaz

DURNNURDI
9q u

ﬁnﬂﬁfuﬂﬁaQaﬁ"lﬁﬁnﬂmiﬁﬂmaauwama@ﬂumig@sﬁwawﬁﬂmag@ﬂﬁuﬁd 3
FRANIFTIINIINLRAIANUFUNBTLTIL AW NaLUS U AL UNITITIN W LAV DIRNNIT
INUNAAIRATOWAL 1 L@l aw (Pseudo-first order model) Waz8UAL 2 Lalan (Pseudo-

A | o ' & o A
second order model) TIANALUIAT G NIIINUWAAIRAT LFAIAINIINN 4-5 LA 4-6
MNRAMIANENLI danavgatusndiusuudinanigaduni 3 e daaruialu

o o o o o A A =i a ' > '

NMINATURBAANBIAURUNTERALUN 2 Ladlan (FUN 4-11) (KNTINAT RP) UAaIin

ﬂﬂiﬂﬂ’]‘i@@]‘ﬁ‘ﬂ 21t ﬂliﬂdﬂyﬂﬂﬁiﬂ@]‘fﬂﬂﬂd Wil Seanaiaannisuanilfsudianasa
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wialfdidnaauiunuiznitauandaausesny fHue uaznyWenidunudinarigady

(%g"l,amaﬂéﬁaLLa:ﬂyjﬂﬁuans}?ﬁﬂ) [56]

1200

180 -
SMX
oTC GO-SP » GO-SP-SiO °
160 - 1000 z
L]
140 - €
800 -
120 n
> @
100 - J
& . ¥ ° GO-SP
< -
80+ > &  Go-sP-AsiO, »
- o 400 °
i [ 4 u
40 =
® : o] ° n
20 4 ‘ > =
0% T T T T T T T 0 1 T T T T T T T
0 400 800 1200 1600 2000 2400 2800 0 360 720 1080 1440 1800 2160 2520 2880
t(min) t(min)

d. a e 6 A v v @ o 6 o =
519 4-11 mmawwummLa‘umawaQamig@qmﬂuawmiﬁmuwamamau@u 2 LRUBY

u

A19191N 4-3 ﬂ"]@]v’JLLﬂiﬂ’]dﬁ]auwaﬂ’]ﬁ@]{ﬂ’li@Wﬁ’U SMX @Tméﬁnm&@@%u GO-SP W@y

GO-SP-SiO,
Adsorbents  SMX Qe.exp Pseudo-first-order Pseudo-second-order
(mglL)  (mglg) Kk Geca R ky Gocat R
(1/min)  (mg/qg) (g/mg.min)  (mg/g)
GO-SP 10 2.67 0.0002 13.48 0.152 0.028 2.69 0.998
GO-SP-SiO, 10 5.58 0.0021  1.51 0.715 0.024 5.41 0.999

M1319N 4-4 ﬂ'ﬁ@‘ﬁLLﬂsmwauwamm{mi@@sﬁh oTC ﬁmeﬁnma@@sﬁ'u GO-SP uaz

GO-SP-Si0,

Adsorbents  OTC Qe exp Pseudo-first-order Pseudo-second-order
(mg/L) (mg/g) k1 qe,cal R2 k2 qe,cal Rz
(1/min)  (mg/g) (g/mg.min)  (mg/g)
GO-SP 25 17.12 0.0012 6.68 0.610 0.0006 17.86 0.995
GO-SP-A-Si0, 25 24 .52 0.0007 24.24 0.969 0.0001 25.64 0.987

3 )
4.3.2 msdnwlalamasanisaagy
A A o aa & a ' ad ' o A,
WaRsanlasainsvassndfEiusns 3 vlia wuinendfTiucudazarddnig

LANAT (pK,) NUANAIIN ﬁﬂﬁmﬂﬁ%’m:mmsnayjlugﬂﬁumﬂﬁaau zwitterion LAz
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a = . " @ aa o X o
Lot ‘H\‘iﬂ’]"i]ENNﬂ@]ﬂau(ﬂiﬂiﬂ’]’ﬂaﬂﬂ"ﬁ%@‘ﬁﬂ NIBIUULUNITUANAIVEY OTC Ua

U

SMX LLam@”\agﬂﬁ 4-12

a) MIUANAIVEY OTC [57]

H,OTC* e
H+ pK, a0 = 7.46

H+
’\H :
e
pK,, = 8.94

l? (H) H () (¢]
! I
‘\'_.\4@4\ aa a N3
H}(i\(/\,f 8 #;H(\(/\/f U \ / _;H(\(/\,[/ it N\  //
o-N o-N

PKyy = 1.74 PR =570  O7

31l 4-12 TATIRFIUASNTUANGIVY OTC Laz SMX

'
=}

Wanananlasiaisesnd fHusiwiudinasgady witlunsasineld oTc
dudaunu iflesan otc fdlassaizwalng ﬁﬁgﬁaﬁfuﬁ'mmsn wanaalans 3
i pK, @”aifuﬂavl,ﬂmigwﬁ'uﬁmaLﬁ@ifuﬁ 3 na'ln et

1. wuszlalasiaw (Hydrogen Bonding) 1JuussfiAinduszninsaandian
azmanuulaTiainizes OTC AUNY -OH, -NH, Twdininiawuszlalasiauszning
aanflauazaanvaIng Epoxy unlasiaiiivaddinangadununy laasanda (OH) 284
OTC mMuuaadna lnlumsifiawusy lalasian
2. Aromatic-Aromatic Interaction %38 TI-TC Interaction L %n13tAAaWATAIEN

TC-TU Interaction SZﬂ’jWGIﬂﬁdﬁg’]d’J\ﬁLL%’)%Tﬂd OTC ﬁ"iJL‘Hﬂé{ﬂﬂL%ﬁﬂuﬂ%lﬂ‘idﬁ‘%ﬁd“ﬂﬂdﬂ

NABaAN TG AWLRAINE N MNNILAG TT-Tinteraction
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3. Electrostatic interaction U3zqd19nuazianudrnusifigalniadia
. . . & a L aa 1 a ~
(electrostatic interaction) FIANOUATAINTZRINUTATEU-BLANATEN (H*-Electron) a4

w3 O- maaﬂsﬁﬂuaaﬂ%@i‘ﬁ’ﬁwyj NH** 2823 OTC

nansAnwlalainasunisgadunufiiuz OTC uaz SMX ianuiduduizning
5 - 60 mg/L NNLATYINNY 7 WRAIAITUN 4-13 IINMIANBINLTT danangaduniing

dafadinuaznyiariduaziilu (GO-SP-A-SIO,) lfiuszdninmnisgady OTC genin

o v
@ @ v A

GO-SP @30t muawLﬂuLWﬁ:Lﬁ@ﬂaVLﬂn'ﬁ@@sﬁ'uLLmJ hydrogen bonding 341U TT-TT
Interaction U4 OTC atilugy zwitterion udnyWariTudulng ldun —OH (pKa = 7.7) 7
AN Cyp UAT Crp UAZWY -NH, (pK, = 3.3) AU C, agjlugﬂ neutral Ysznauny
Uszqu WA A0 GO-SP-SiO, L8y GO-SP-A-SiO, 8 gjlu AN meuad Neutral
LTULAEINY (PHzpe = 7.04 UAT 7.46 AINEIAU) 39A1@37 Hydrogen bonding fSununlu

MIATUIINAL TT-TC Interaction

’Lumrﬁmmﬂs:ﬁwﬁmwn’ﬁ@@ﬁﬁb SMX WU @INAaNQaTLU GO-SP-SI0, f1A1W3
MIgaguNNNd1 GO-SP atwiliudAy dlasrnafieTinty 7 sasmmanasit vl
SMX atjluztlilazgau (AMIuanea (pKa) 1a9 SMX @a 1.74 sz 5.90 AMNAIAL) Tuoudi
GO-SP-Si0, atjlugihilunans (Neutral) (pHy = 7.02) Sasnansoiiawuss lalasian (Hydrogen
Bonding) szninsaanfianazaauuulasiaingmes SMX nuny laasanda (-OH) ndinafie

wuselalasian 32NINeaNTIauazAaNTaINY Epoxy qumoa%’wm”anmagwﬁ'umaa SMX

TIWAIMEAAaUATNTEN TE-TC Interaction 1616 lumanauriu GO-SP atflugiilszaau (pH,, = 4.0)
5\1Lﬁ@miwﬁ'ﬂﬁ'uﬁﬂﬁﬂszﬁwﬁmwmigm’i’u SMX 289 GO-SP 1131 GO-SP-Si0, MWUEAS
nalnnsgadu SMX lay GO-SP waz GO-SP-SiO, LEAIRININT 4-14 ﬂgof:mst,ﬁmgbmﬂ
LA NUaEMIAE s UEAMUBAWAITES GO ﬂi‘iLflumw'amﬁwﬂixﬁw’ﬁmwms@@eﬁu SMX
UUAINAWATL (g'ﬂﬁl 4-13)ImalLflummﬁugwguuawyj’Wﬂﬁﬁ'uluﬂﬁigWﬁ'uuuﬁ?uﬁ’maa

@ﬁﬂaﬁag@%’u

4.3.3 u,fumi"laaﬂatﬁmm‘umsgm%’usnﬂﬁfi'mx
A > s 4:14:{ > v A a (% Aada 1
Luaaﬁnﬂmﬂmagmumm‘m@LLﬂﬂuﬂszammwms@muumﬂgmu:gomw
GO-SP @494 ﬂngﬁﬁ'ﬂﬁﬁwamsﬁﬂm"laisﬁma%‘umﬁnmmﬁa RNNITUULINND
VLaIsnmaﬁJms@@sﬁ'mmmms] Ao wadius LAz WIHaART Lﬁaafmﬂﬂavlﬂms@@sﬁ'uuu
AINAWAATUNI 3 Tika (@1797 4-3) LlaWwaTm1nNeN R?2 wudn wuudnaadlalsin
alufiianzaunuMIgady OTC Aa Aalalmmasuununuads (FL) e nden R?
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NNV LM LLami’]éVﬂHm:ms@@efwuﬁ'yuﬁwaaﬁanmogwﬁummﬁmﬁyﬂa"l,ﬂmi
QaTunatszluuy FameandasnuNamIanEn i ldaAUsounnauning nan1smanes
AINAIIFNOAANDINUINBIALVDS Ji et al. [59] %dﬁﬁmsgﬂﬁu o1 JEuzlungu
tetracyclines U%ﬁ?ﬂﬂﬁﬂ@@fﬂﬁﬁ@ﬂﬁgu )%} (VL@'LLﬂ' graphite, activated carbon L8z carbon
nanotube) agnalsfiany wansAnsTedulinaaTT TR BRI BN Rauln
wansaUULTuALINY 13U nIgadusdTiuslungu tetracyclines uunyAuaanlad
[18] NMIQATU CIP UhAINAWAATU rGO/Fe;0, [60] attanadwwsznawlalomnada
f1lag plateau S99 limadwmaaaunuandosldmanzas
lummzﬁmi@@éﬁu SMX NAUWLITHANIINARBIREAARBIND lalainasuuuy
LadLdBsNINNIN LLamnaVLﬂmigWﬁ'uLﬂmmufmﬁm (monolayer) G3fnan13AN®A
LﬁuLﬁmﬁ'mm‘ﬁﬂﬁmummaamig@ﬁﬁ'u SMX ssunTfean krauwaznAuu ludn [61]

LLa:fa@;ﬂwguauLLuuﬁgwgu [62]

14

AWK GO-SP-SiO,
12
o
o« °
10 /
—_ 8- [
)
(=]
E
= GO-SP
o & u
2] ./
g
g
0 = T T T T T
0 10 20 30 40 50 60
c, (mglL)
604 oTc
¢ GO-SP-A-SiO,
o °
/
40
5 s
i=2]
30 +
E » GO-SP
S
20 ///
10 /
04

C, (mgiL)
3 4-13 JazEnFAwnIgaTu SMX waz OTC U#EINANQATU GO-SP, GO-SP-SIO,

ILaz GO-SP-A-SiO, Immqu pH WAL 7 anaSlunsiuen 250 rpm qmﬁgﬁﬁaq
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Langmuir Freundlich
AINANAATU q, K, R K. 1in R
(mg/g) (L/g) (L/g)
oTC
GO-SP-A-SiO, 59.01 0.310 0.8611 19.65 0.33 0.9749
SMX
GO-SP-SiO, 15.46 0.064 0.9550 2.27 2.35 0.8850

4.3.4 wazaditazaailszansninnisaatuslpzsive

1 =1 Oq: = 1 R dll a ni

mwLaﬂumia:muuuwa@aﬂa"l,ﬂmsgmeﬁu LW a9NNLAANS YR DMLY RIAIY
[ ;l/ a Q > = >3 = & s s 6 1
Wndszaunwiniiainangasy MudInLanaldngszauesuasITIEuNUENY 61
PK, 2890a8NIHU fILiuidpiendfTiuz OTC uaz sMX iluluanafilszqazaglu
311/329U9N (cation), neutral LAz zwitterion Waz1328L (anion) 761 pK, LANAIINY
(gﬂﬁ 4-12) msﬁﬂmwamaoﬁ'l,a‘*ﬁ@iammmmm‘lumi@@sﬁu OTC uaz SMX lavinn1s
maaaLﬁmﬁmﬁ’uﬁ'umsﬁﬂmvlaiﬁnmaﬁlmigwﬁ’u LA Ry WU IANNLATYDIRITAZAN Y
=] v = A 1 Qs
W 3,5, 7 waz 9 aruwaaWaWines mwamaaﬁmmammmmialumsg@muuu
MNANAATUTRAA 9 UEAIAIFUN 4-14

mngﬂﬁ 4-14 WU GO-SP-SiO, 1az GO-SP-A-SiO, ﬁmmmmmlums@@sﬁb
OTC uaz SMX luﬁaamia:mﬂﬂméaumﬂﬁq@ 13489970 SMX agjslugﬂ neutral WA
pHzpc 184 GO-SP-SI0, fifdszanm 7.04 asnunyWeridudulngjuuiuiadinariga
%] 1 1 = Qs = ) U et U 1 et
muaglugﬂmaa neutral tTLA8INH 3981910 W b l@A18N1I2AINRIITILAAULITINGD
izwjﬁﬂmaqamaamﬂﬁ%’;u:l,l,a:m”aﬂawgwﬁ'u 29 laiau9NI AN wAIASLILUY TT-TC
Interaction TINNIENNNITALAABUATNILMUY H-bonding bednee

{ ' [ i . . A Aa

TuameNT19nIadanlasdgs1guad OTC aglug‘ﬂ zwitterion TIFINTALAANTQA
TUUW GO-SP-A-SiO, laulianauasATu1Luy TT-T Interaction, H-bonding SN A U
electrostatic interaction 16 1iasa1nny WariTuaulnnjues GO-SP-A-Si0, atjluziluas
ﬂs:qmmﬁmmn%yja:ﬁiuﬁagjuuﬁuﬁa ~NH;" WazluY neutral 1183991y —OH

4 QI &/ 1 v =) a Q 4
Lﬁaﬂl,amwmuaaNaluﬂizaﬂﬁmwmsgmu OTC WAy SMX aaaJ Lﬁaamngﬁ

a ] L Qo L { l&/
Lanaoanyad OTC ae SMX LLﬂZ%Qﬁdﬁ“ﬁ%ﬂ%@nﬂﬂﬁd@ﬂsﬁﬂﬁuﬁ@dﬂiz’i}‘Lfl%ﬂﬂ&ﬂﬂ?l%

4 A £ o A o aa . . .
LIAWLA TN NY WU AVININITNAAWAITNILILLIY TT-TT Interaction LR cation-7T Interaction

A A A & & a Ve A o o X a A X
[18, 46] LUBWLDDEINNYUDIWERTLNINDY 9 ﬂﬂﬂqlﬁﬂjzﬂuuwum'lLﬂuﬂﬂuqﬂﬂ\‘]mu
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ﬂszﬁw%mwmsgwﬁuﬁaa@m I aIL @ 8INWALNANIINARAINNLATLYINAY 3 WY

Wart a9 OTC WAy SMX LLa:%gﬂoﬁﬁuuuﬁ’mmag@sﬁuag}'lugﬂmaaLLﬂuSaau cation

I TALNAUIINANNY (repulsive force) [63] FINAMABUATATIMULY TT-TC Interaction LA

v v 1 = Qs
Vl@maslmmummﬂu
45
18 4 SMX o] OTC
e
i) o— 3 354 ) ——
30 4 ® g |
12 4 e
) s Cla
© >
£ 9o 8 E 20
.;w *— :0
=@ 15 -
64
10 -
34
5
o T T T T T 0 T T T T T T T
5 6 7 8 9 3 4 5 6 7 8 9
pH pH

31N 4-14 wavasiardanumuIaluMIgaduenl JTusasdinanigady

GO-SP-SiO, uay GO-SP-A-SiO,

4.3.5 M3ANBINALNN1IQATY (adsorption mechanism) AgnaRhaA XPS
4.3.5.1 navlnms@m%'u OTC 283 GO-SP-A-SiO,
ai a 6 a v a 6 t:id
NN3UA 4-15 ugasmMTllaNzEneldioinaiia XPS vasazaauaiuawid
wusziua1fuaunialalasiau (C1s) 189 GO-SP-A-SIO, fiaun13Igady OTC Wy
S MUBINEINBEAR T (binding energy) TasWuszLAl laun 284.60 eV (C=C/C-
C), 285.42 eV (C-COO0O), 286.50 eV (C-OH/C-O va4 hydroxyl group), 287.62 eV (C-O-C
U84 epoxide group), LAz 284.60 eV (COO /O-C=0 U dJ epoxide group) [64] L&
NURAINITQATUWLINFAFIUAULTNVBIFY QY04 (intensity) V8 IWWTL C-OH 7
o 1 AI &/ = 1 = 1 4
AU 286.47 eV LINNU WL 30.3% ({AuriaunIgaTy OTC 61 17.9%) luamenin
o A o ~ a & o , & A o o o '
PYRIWUTLAUINITURYULYURILNILRNUD LYY NITLU R BLUAITDYRLRARIUAINGD
289 WikFz C-OH AaiAianauasnsnuuuwnsy lalasiaw (H-bonding) 3ZWINY C-
OH LLa:Imaqamaa OTC tHaRITMATNAINBIALATREIIUAINWTE C=C NINOULATHA
mi@@]sﬁ'u OTC [NaWNAINTHINIILAA O BATATLILY TI-TC interaction NauUWLIN g5
A | A o @ ! A | . a A A o o
waswulasle g agradiveday ndndalinis shift vasiin wiamalfouiosazaadin

29vin 1 lalanunIn ﬁuﬁ'umﬂﬁmﬂavlﬂmi@@sﬁ'uﬁﬁa ginaiia XPS
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C1s @ C 1s-0TC cocosi ®
C-OH C-0/C-0-Si C-OH 285.4 eV (20.8%)
286.5eV(17.9%)  n 2854 eV (23.5%) 286.4 eV (30.3%)
c=c/c-C
c.0-C ‘\ 28 c-0-C 284.6 eV (21.0%)
= ) / c=c/c-C 3 .
3 287.6 eV (14.2%) / 2846 oV (21.6%) Fi 287.4 eV (18.6%)
> 0-C=0 J 2
%5 | 288.8eV (22.8%) -] 0-C=0
8 ‘ g 288.5 eV (9.3%)
£ £
AAA \ «
¥ T y T T T T . T v, T = T .3 T & T L3 T ¥ T &
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
01s © 0 1s-0TC @
c-0 c=0
532.2 eV (60.7%) 529.5 eV (30.6%) c-o
532.6 eV (83.9%)
3 3
L <
2 H,0 p=s
@ 5351 eV 2 5315 eV c=0
g ‘ g (10.5%) 530.1 eV (5.7%)
i3 £ j
b T b T b4 T T . T b T 1 T L2 T T T T T T T
540 538 536 534 532 530 528 526 524 540 538 536 534 532 530 528 526 524
Binding Energy (eV) Binding Energy (eV)
Nis ®© N 1s-0TC U
402.4 eV (62.5%) e o
402.5 eV (77.59 400.1 eV (16.1%
~ NH/C-N 02 5eV.(Tr5%) = (te:t%)
= 399.8 eV (30.5%) =
s s
> ) -N= 2 N=
2 5 2
2 S9BTIEV(0%) 2 399.2 eV (6.4%)
E £
T T T T T T T T T T T T T T
406 404 402 400 398 396 406 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)

P> % = A A& < &
31N 4-15 usaanasnudantiorzasBiinasentulugavatazaauaiivan (Cls)
pandiau (O1s) uazlulasian (N1s) 289@INa9QaATU GO-SP-A-SIO,

ﬁauua:%é'dmig@sﬁ'u oTC

d'l [ A s a s A v R A [ =1 d'
waidunmsbudunaifanuszlalanan anzidudafasannasnuiame,
vasdiinareutulugavatazaanaandian (O1s) Wuinawn13gadu OTC WU LN
YDINRINWHALRBEIVDIN BT C-O-C/C=0 (529.51 eV), N5 —OH (532.18 eV) [65]

;| ¥ & x DA X A, o
uazfen 535.14 eV Aaluianauadin (H,0) [55] Naiifnlndiiadunduntsdyyim
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531.49 eV NMURAINNIQATU OTC G991, AANNAT shift PaIWWTE —OH LilesannIs
LA0wATNIEN O-H-+-N %38 O-H--O (COOH) 32%319 GO-SP-A-SiO, ag OTC [65] 31N
nInaaasasnanIsunIaailldinaiianuszlalasian (H-bonding) unalnnitsvas
MIQATL OTC UHAINAWATY GO-SP-A-SIO,

uanmnf‘hﬁaﬁmsmwwﬁ‘fomuﬁﬂmﬁmmaa&ﬁnmau%ﬂuqmaaamaw
lulasiau (N1s) ewnigady OTC WURY B INAINUT R REITIMIU 3 Uil
fla 398.70 eV (N=), 399.81 eV (-NH) Uz 402.41 eV (-N') UAZN1EWRINTTQATUNL
FaFINYaIN BN FnsiasnutasRuduanidy 62.5% 1w 77.5% Gsaraiia
é’umﬁ%muuuﬂsoﬁag@maﬂizq (electrostatic interaction) 3¢%31913z3UANVBINY
aminopropyl U%ANANAATL Uazszaauvas OTC

widmsianzddiomaiia xps lasuisnafunonalnnisgaduuuy
interaction u,@ifﬂ’mNamsﬁm:nLmzfﬂ’mmiwummssmmmﬁﬂﬁﬂm:;&"“sﬁ'ﬂﬁﬂa’j’] A& bn
N139ATU OTC UUAINANQATY GO-SP-A-SIO, tunalnn13gaduiay (combination

interaction) IENINY H-bonding, electrostatic interaction, L8z T-TT interaction

4.3.5.2 nalnnsaaLy SMX 289 GO-SP-SIO,
nnmMAaNzEmaeddismaiia XPS vasazaauniuaniiwusziuaTuowu
w3a'lalasian (C1s) NMNT 4-15 (a) V09 GO-SP-Si0, 1a%N1IAATL SMX WUFY QY1
PoINAIBEAMIAET (binding energy) TaIRTLATTIIAIIUAN 4 Tha ldur C-C sp,
(284 V), C-C sp, (285 V), C-O (286 eV) uaz O-C-O (287 eV) [66]; [67, 68] WAz N1URAI
MINaTL (MW7 4-15 (b)) WUINFARIUANLTUVDIR QY4 (intensity) VaIWWD: C-C
sp, AAUnTI 284 eV 1ANTWU 30.5% (Lﬁuﬁaums@@&ﬁ'u SMX {f1 23.6%) Wbz C-C

A X o« a o : o
Sp; NATLLAWN 285 eV LWNTHL‘]_I“ 30.9% (L@]&lﬂﬂuﬂ’]i@@sﬁu SMX ﬁﬂ’] 23.2%) LLASWNUDL

C-O Nidumnikd 286 eV aandiiln 20.4% (AunawN1I9ATY SMX A1 22.6%) WibBE -O-

=

C-O NAUNII 287 eV aaadtdn 13.5% (Lawﬁaumsg}wﬁu SMX {61 15.1%) N7

RSN RITRURLRARIUAINAIVINWTE C-C THOWHK A1AINWILNANNAUATAIEN

WU TT-TC interaction S:MNImaqamad SMX AUGINANAATU [69]
Lfiaﬂmsmwwé'omuﬁmmﬁmmaaSLﬁﬂmawﬁzusluq@maoamauaaﬂs}?wu (O1s)
WA 4-15 () WuiniaunIaTy SMX WoF Y MaINa IR aniieIra9NuD:
Metal oxides (Fe-O) (530 eV 18.4%), Si-O (532 eV 54.4%) waz OH/H,0 (535 eV 27.2%)
[70, 71] MERAINIQATL (MW 4-15 (d)) WodmaiaReuvasRnAaduiidhuniia Fe-
O (527 eV 21.28%), Si-O (528 eV 39.11%), OH (530 eV, 39.60%) F9819LiAa1NNT



63

Ufsunusiunzniranineanloddinanigady (Fe-0-) uazdinean’lad (Si-0) Au

azaanlalasiauwes SMX funwnselalasian (H-bonding) [72, 73]

Cis c-o o1s
(532.7 eV, 54.4%)
C-0/C-O-Si
(285.3 eV, 23.2%)
c-cic=C
C-OH (284.6 eV, 23.6)

> (286.1 eV, 22.6%) / 2
g c-0-Cc 5 25
) -O- (534.9 eV, 27.2%) c=0

=3
E (287.2 €V, 15.1%) _ = e (630.3 eV, 18.4%)

0-c=0 o)
(288.5 eV, 15.5%)—
T T T T T T T T T T T T T
202 290 288 286 284 282 540 538 536 534 532 530 528 526 524
C 1s-SMX O 1s-SMX
c-o
~ (528.8 eV, 39.1%)
C-0IC-0-Si oaie=0
(285.3 eV, 30.9%) (284.6 eV, 30.5%) —
/ 0-c=0 527.1 eV, 21.3%
%‘ C-OH ~ / %‘ (530.3 €V, 39.6%) ¢ RSN
£ (286.2 eV, 20.4%) Z
g » g
= c-0-Cc =
(287.1 eV, 13.5%) _
~
0-c=0
(288.3 eV, 4.6%) _
T

T T T T T T T T T T T T T
292 290 288 286 284 282 540 538 536 534 532 530 528 526 524 522
Binding energy (eV) Binding energy (eV)

31N 4-16 usasnasUdanietvesdianaseutulugaasaznauanivan (C1s) uaz

aandlau (O1s) YBIAINANQATL GO-SP-SiO, NAUUAZHAINIAATL SMX

< X o {  a & Y o {
Yldﬁﬂavlﬂﬂ’lig]ﬂmu OTC uay SMX ﬁﬂ’]@?qlﬂ@ﬂlu‘l@]ua@ﬁ@\‘igﬂﬁ 4-17 LIRS 4-18

ANAAL
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" Electrostatic
'-.‘ interaction

NH,*

’
interaction | ./ H-bonding

I H-bonding OH
1 \ "

— — = H-bonding «—— TI—TC interaction <o » Electrostatic interaction

{ % { ' a & (> o . {
31 4-18 navl,nﬂﬁgmu SMX ﬁﬂ’mw,ﬂmuuumna’mgmu GO-SP-Si0, 71 pH 7
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UNN 5

as;ﬂwamiﬁnm

5.1 d3UHaN19IY

v
v Aa o & A

nudpiitaglsasdinadnsinismisassanaisanend Jausazaisluiin

q
%

. v 9 o caa wa < A [ X a4
Hiunsgadudisdinavgadunmniueanladndsuddudininuazdnisdaudshuiag
oo e o a wa A Ao & o ° A A

lassiamziduesluiosd fianms ymdseissamzdaanarsdiwin 3 siade

1) GO-sP nluaan lodniaudwinin udanarsgaduasdu

2) GO-SP-Si0, AadinaligadunanlwaNNIINIALAUTEI GO, Magnetite
(Fe;0,) haztylTWaIaTan

3) GO-SP-A-SIO, AasinavigadunaaunednfinidedanyWandudunid

sinazdlulasiTaaulauitiiy (Co-condensation)

lagananislinsdaudsiuinnzdiosuaiuliainanigadull active sites Nnanwane
wazmunsaiidaendjiuzeannnindeldednefitsz@ntain nmmasesinigady
dauiunndnsdszaniaiwnisuaznalnnigeadugeaduuudinasgadurianiniu

{nid v 1 =3 =3 [ ] Aa ] A A % a o an
sanladndaudaudinin Muddadbdneg Ndnadadszdninmwnigady Tunuidoi

aQ o a A U ] 1 U

Wwandnwed fHiue $1wan 2 wia Sslinsldnuedisuninas uazaansaaTianyla
luunaain Ao vreandiaailoadu (Oxytetracycline,0TC) iludarunuvasonlungy
tetracycline uazenganuufananlan (sufamethoxazole, SMX) Ludaunuvasenlunga
sulfonamide L aliidladngnisainiigadueandiaainloafuuazaaaianinlaa
furnisfadnd1eg Ndnadaniigadussiiaainadisdinaigadusianaiy

A a wa = o = A A wa P
gan e NNaNUAuNwan lasrinns@nsudSouifisuautanisnioninuaziafaed
danavgaty lalanauuazaaunasaainigadu ialdasuienalnuazlnngnisal
MIQATL

MNMIANMIQUINTAN NN BNIWUAZLATTBIA NN AT lasvinnsaa sy
1A398319@28 X-ray Diffraction (XRD) Lﬁ'a@jmnﬂﬁyuuﬂawaﬂmaa%’wﬁmmam%u
u,azﬁwmsm’mﬁuﬂ'uaaﬁﬂ‘szﬂawaam@ﬂumsdaﬁ@ﬁm Fourier Transform Infrared
Spectrometer (FT-IR) U3zuui1ia (pHPZC) uazdAnmant@anuiduniiman (VSm)

1 o dql’ a v Aaa 1 6 > A A 6 1 A ] % Aa

wud1 mIdaudsiuiidedinusznyieidugunidowlidnansznudalanaiads

maa@?‘mmagwﬁ'u LLa:@‘T’Jﬂmd@@sﬁ’uﬁqmauﬁﬁqﬂLﬁJa‘i’wwsummuﬁﬂ FINTOBENDDN
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nntin e s swuLiMan %yjﬂaﬁ%wﬁ'%mﬂﬂ%msJLLa:Lmﬂ@hoﬂ”udﬂﬁqmauﬁﬁmd
wadl 1A @1 pHPZC fiduandnsn

NNIANBINLIN GO-SP-SI0, uaz 71 GO-SP-A-SIO, §1N1INQATY OTC Ua
sMz 'léu1nni1 GO-SP asdn INUNAAFATNITQATUFOAANBINUFUNITEUALFDY
\wian (pseudo second order) LLavaaIélimanﬂ’li@@sﬁ/U OTC U8z SMX RaAAREINU
FUNINTUARTLAZUAILTET A1NF1L INMITANBIHANTENUVBINID TUBITTATA D
nIgady wuhdilersasmiazansinadedsz@niniwnisgady lasdszntninng
@@%ua@aufiaﬁl,amﬁmﬁu Lﬁaamﬂﬂ'LaﬁﬁLﬁuifuﬁﬂﬁwg\myjﬁoﬁfma\imﬂﬁ%’mz WAz
wiWsfTuuuaIna19gaduatluguad anion un89dn FnlWiAausInanin (repulsive
force) 398INalALANNIITAVININITIAANA b TT-TC Interaction wazwnszlalasian uas

msﬁﬂmnavlnmigwﬁ'm‘f’smmﬁﬂ XPS W91 ﬂavlﬂ'ﬂé’ﬂluﬂ'ﬁg@éﬁ'ummﬁLﬁ@mnﬂavl,ﬂ

Punusznieauasisouuulu-w (-1 Interaction) Wuszlalasian uazussnadeg

Tlsin (electrostatic interaction)

5.2 ValARDULY
INNITANTN Nam'z*mmaamiﬁagjs'w"uaamﬁuw%‘ﬁﬁﬁumﬁ@iamiﬁw”@m
Ujfmenguiaan loafuddaianaunzeaii
1. msﬁnmmig@éﬁuL%ammamzmwﬁaau RNTBUWNIHTITUTIA LASNARITLN
a dl
TRHAD
2. MIANEILLL Pilot scale lagldaaantilun1sdns Lﬁammﬂ%’lumsﬂixqﬂﬂ%
a9lunsthiiasiugele

3. ﬁﬂmmiﬁmﬁumlﬂmimam"'aﬂmdgwﬁ'u
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1. ﬂ’l%")tﬂi’lz‘]ﬁﬂ')'l&lL?.l&l?.l%ﬂﬂﬂ“ﬁl@](ﬂi']l"ﬁﬂa% (OTC) i]']ﬂﬂ']i'lﬂﬂ']ﬂ']?@lﬂﬂﬂ%uﬂﬂﬂ'lEl

wnsasaunlasinlasinay

adnsatuazansiad
1. m‘%‘aag%-fiamﬂﬂi@ﬂwimﬁma% (UV-Vis Spectrophotometer) (UV 1800,
Shimadzu)
2. Stock Solution V83 OTC ANNLTNTH 1000 AadnNINGRNT
3. 81382AWNAIFIU OTC ANNTNTU 1, 5, 10, 15, 20 uaz 30 HadnIndadas
4. LUNHA
5. WamwWauWinas
6. A9
7. 1I97aU3a3
8. e
N13LA38N Stock solution a9y OTC
1. 53 OTC W¥n 0.01 N3W
2. 82an8 OTC e uaalurialadsunasawa 10 Safaas
3. 1iiU Stock Solution w29 &N
MILAILNFITALALNIAIZIH OTC
1. Tiassazans OTC 97N Stock Solution AuU5H1a3lwan 1197 n-1 89 Tuwaa Sa
U39 7110 10 Ua8AAT FUIMANFUNIT (1)
CiVy =GV,

(1) $R8EINIIRIWIL: LATUURIIATAILHNIAIFIU OTC auTNTH 1

o

J8ANINGaR®@T 371N Stock Solution 1000 UaANTUABAAT IUIAIAUTUIAT 10

ERGIZR)
NN CV4 = CoV,
1mg/L x 10 mL = 1000mg/L x V2
V, = 0.01mL

[ laasida OTC 910 Stock solution 0.01 NaRANT

2. UsudSunaseonasingtwinas %uﬁﬂ%mmq@ﬁm 10 URAAAT



@131 n-1 FagInINeIvas OTC Nilie
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AMNLTHIWVBY OTC (NAFNINADANT)

U3u1asn 1y (Naaans)

1 0.01

5 0.05

10 0.1

15 0.15

20 0.2

30 0.3
N385 19N NANAIZ I

1. 1061 Blank aranasinatiwinas

2. MianssraoinaIuudazanududu liadnsganiuuaidiniaiasyi-s sue

TasInladiaas NANLIIAAK 274 WILULUGT

3. B3NN WA TUI IR TAZ A DA TTIRUALAINNTAANATULE

(Absorbance)

A1391 N-2 ANNIPANABURINANUTNTUAI

ANNNLIWTWVDI OTC (NAANINADAAT) Absorbance
1 0.0427
5 0.1440
10 0.3681
15 0.5061
20 0.7228
30 1.0541




Calibration curve of OTC

1.2 -
1.0541
1 -
v 0.8 -
g 7208
©
g 0.6 -
_<cE: 04 | y = 0.0355x - 0.0066
Rz = 0.997
0.2 -
0 - T T T T T T
0 5 10 15 20 25 30

Concentration (mg/l)

A n-1 nWaaIzIuLes OTC AenzvdrzadnlasiWlofines

NIATWITLANLANTWADIADEY OTC
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waInfgINTMHINaIIRLEEI8E19 OTC MnmInasasidindinisganiu

U9 LMW NTUDBIA20E19 OTC MMNFNMINLAINNTINIIATZIN

2. MmyazRaNuNTwsanwsanslya (SMX) 91nN13IAAINIIAANABUEIA I

w309 avdnlasinladaas

=

I3
qﬂn‘smuaxmim&l

1.1) m’%"aag"i-i'amﬂﬂmiﬂ‘[mﬁma§(UV-Vis Spectrophotometer) 31 UV 1800 UIWN
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2. N3L@384 Stock Solution VavBanLuSanalaa (SMX)

2.1) Tatarugananlos (SMX) #iin 0.01 N3y

2.2) azaneganuufanailaoan (SMX) moiwnuealuaiaiadiunassmwa 10
EEEGH 2.3) LAY Stock Solution luwa&sn

3. mim%smmia:mﬂmmgﬁumnmsazmﬂLif&lﬁ’u

3.1) DwaasazanosaniuFananlon (SMX) 310 Stock Solution MNUSHATIL

%

AN319N N-1 89 11279 10USUI0TIUI0 10 TIFRAT FIWIMITNFNNITAI
CV, =GC,V,

@ra819IMIMIwITE L@IBNENIRTAIBNIaIgIRTAN L NTanT lae (SMX) ANy

1 88NTUABAAT 971N Stock Solution 1000 AaANTUAAAAT IVIAIAUSNIAT 10 HadAaT

1N CyV, =G5V,
1mg/L x 10 mL = 1000mg/L x V,
V2 = 0.01mL

(7
o o

314 @a9ida SMX 9711 Stock solution 0.01 NARANT

3.2) Usudsinasdowemnatiniwafauillunargarine 10 Iaddas

A15199 n-3 FasndSuatvasTanwFanalaa (SMX)

aNaInInsastanaSanoloa PBanasi iy
(SMX) (Naan3sNAdanT) (Haaansg)
10 0.1
20 0.2
30 0.3
40 04
50 0.5
60 0.6
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4. MIEINTINNIATZIN
4.1) 7@6n Blank aaaWasiWasninas
4.2) FIRNIBTAIBNIAIZIRUANZANUTNTY "Lﬂ’?@@hm‘sgmﬂﬁmméhs_JLﬂ'%iao
pi-3saia laslwladinad fnuENInal 258 WU
4.3) 3NMWIZA TN TUYBIMN TAZA BN A TIIBUATAINTYANAUUET
(Absorbance)

@139 -4 AINIQANABULEINANNTUTUN 9

ANNLINTWVDI SMX (NaaNITNADANT) Absorbance
10 0.7782
20 1.5289
30 2.3338
40 3.118
50 4.079
60 4,719
6 - y = 0.0804x - 0.0544
5 R? = 0.9983 4719
] 4
C
©
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miﬁnma&lﬂamamﬂmwuazmaLﬂﬁwaaﬁanma@]mﬁu
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A19199 V-1 ﬁagamsmﬂszquuﬁuﬁwao GO-SP GO-SP-SiO, Waz GO-SP-A-SiO,

GO-SP GO-SP-SiO, GO-SP-A-SiO,
Surface Surface Surface charge
pH at pH at
pH at 24h charge charge (Coulombs/g)
24h 24h
(Coulombs/g) (Coulombs/g)
5.20 -5.59 6.46 -5.93 7.57 -11.20
6.06 -11.69 7.02 -11.82 5.80 22.00
6.75 -23.68 7.31 -22.94 7.87 -68.11
7.36 -68.24 7.67 -67.54 8.05 -115.73
7.59 -117.03 7.92 -118.07 8.34 -233.71
9.19 -219.92 9.42 -228.06 8.58 -481.58
10.35 -420.09 9.88 -455.10 7.43 0.05
6.53 -0.06 7.31 0.04 7.39 6.02
4.84 2.49 7.16 5.31 7.02 11.95
4.30 -0.03 7.09 11.61 6.73 23.62
3.91 -5.34 6.49 16.53 4.37 24.43
3.55 413 6.98 22.76 4.06 26.19
3.20 30.09 5.62 34.24 3.85 24.99
292 44.77 4.26 34.99 5.00 30.00
2.65 57.02 4.00 34.80 3.59 56.36
4.03 49.86 3.16 69.48
3.62 61.52 2.84 127.42
3.16 73.61




2. msﬁnmaauwamam‘msgm%’u

@139 2-2 MIdAnsIRuNamaailun1Igady SMX vasdinanigadusiiadigg

1281 GO-SP GO-SP-SiO,
(i) q, (mg/g) q, (mg/g)
0 0 0
15 3.09 4.52
30 3.1 5.77
45 3.06 4.60
60 2.11 6.11
120 2.87 4.51
240 2.78 4.18
480 1.80 6.00
960 2.04 6.16
1440 2.79 5.77
1800 2.10 5.42

@139 2-3 NIANEIRUNAMEATIUNIIgATY OTC BaddINaIgaduTRac1g 9

(! GO-SP GO-SP-A-SiO,
(w1fi) q, (mg/g) q, (mg/g)
0 0 0
15 1.09 2.63
30 2.33 3.18
60 5.30 3.88
120 10.03 4.17
240 15.08 6.80
480 16.90 13.13
960 17.02 18.01
1440 175 21.02
1800 17.11 23.44
2400 17.06 24.45
2880 17.06 11.29




= ¢ %)
3. m3dns lalamasanisaagy

A9 V-4 ﬂﬂiﬁﬂﬂﬁ"LaImLﬂauluﬂwsgﬂsﬁ'u SMX 28462Na199ATL GO-SP
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anal Sample 1 Sample 2 Average

LN

Gudn | cmony | *  |cmomy| * % | g (maig

(mglL) (mg/g) (mg/g) (mglL)
5.26 4.65 1.03 5.22 0.07 4.94 0.55
9.54 9.32 0.36 9.29 0.42 9.31 0.39
17.45 16.86 1.01 17.00 0.77 16.93 0.89
26.28 25.63 1.13 25.57 1.22 25.60 1.17
35.50 34.78 1.24 34.98 0.90 34.88 1.07
44.23 43.34 1.53 43.33 1.57 43.34 1.55
56.79 54.10 4.65 54.48 3.98 54.29 4.32

@137 2-5 mMiAns laloinawluniigady SMX veidanaIgatl GO-SP-SIO,

AN Sample 1 Sample 2 Average

LN

G C, (mglL) % C, (mglL) % & q, (mg/g)

(mglL) (mg/g) (mg/g) (mglL)
9.24 6.86 413 7.04 3.82 6.95 3.97
9.97 7.56 4.16 7.32 4.62 7.44 4.39
18.58 13.93 8.09 13.88 8.18 13.91 8.14
32.27 27.76 7.85 24.55 13.18 26.15 10.51
41.57 35.09 11.12 35.42 10.67 35.25 10.90
49.35 43.56 9.97 42.02 12.51 42.79 11.24
62.84 55.95 11.94 56.49 11.00 56.22 11.47
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A13197 2-5 ﬂ']iﬁﬂi&l"]vl,aism‘na&ll%ﬂ’]‘ig@sﬁlﬂ OTC Tﬂd@v’lﬂﬂ’]dﬂ@lsﬁ’ﬂ GO-SP uaz GO-

SP-A-SiO2
AMNLTNL GO-SP GO-SP-A-SiO,
NG
(mgll) C.(mg/l) d.(mg/g) | C(mg/l) | q.(mg/g)
25 2.52 0.43 0.68 3.92
5 4.06 2.28 0.98 7.03
10 5.92 6.41 1.54 16.13
15 8.44 11.35 2.43 23.35
20 10.09 19.41 4.13 30.57
25 11.85 20.59 5.87 35.08

4. NM3ANHINANIENUBAY pH fadszannInnsaaty

M191911 2-6 miﬁﬂm"l,aIGm,was"wlumsga%u OTC 2a4enaigadusiia GO-SP GO-

SP-Si0, U8z GO-SP-A-SiO, ILaT 3 5 7 Uas 9

GO-SP-A-SiO,
pH
C.(mg/l) q.(mg/g)
3 5.34 31.61
5 3.35 35.44
7 4.15 32.71
9 5.69 29.27
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3.MIANBINAVDINLDBADNITAATL SMX 22IGINANAATY GO-SP-SIO,

@1591 2-7 M lalmnanlun1igu SMX vasdinawgadusiia GO-SP-SIO,

NLaT 5-9
Sample 1 Sample 2 Average
pH
C.(mg/L) | q.(mg/g) | C.(mg/lL) | q.(mg/g) | C.(mglL) | q,(mg/g)

5 12.52 15.58 12.50 15.60 12.51 15.59
6 14.44 16.15 14.55 15.97 14.50 16.06
7 17.89 12.14 17.93 12.07 17.91 12.10
8 19.91 8.23 19.94 8.27 19.93 8.25
9 20.31 7.26 20.25 7.26 20.28 7.26
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ARTICLE INFO ABSTRACT
Keywords: In this study, the mesoporous silica-magnetic graphene oxide nanocomposite material (mGO-Si) was prepared.
Mesoporous silica-magnetic graphene oxide The surfactant cetyltrimethyl ammonium bromide (CTAB) was utilized as the mesoporous template while the
Adsorption tetraethyl orthosilicate (TEOS) was used as the silica source. The synthesized nanocomposite was characterized
Sulfamethoxazole through different analyses, namely XRD, XPS, TEM, FT-IR, VSM, BET, and acid-base titration. Various factors like

Coadsorption the effects of the initial concentration, contact time, influence of the pH and the coexistence of other antibiotics

on the sulfamethoxazole (SMX) uptake, were investigated. Adsorption results exhibited that the mGO-Si ad-
sorbed the SMX molecules more effectively than the pristine magnetic graphene oxide (mGO). Kinetic data
showed good correlation on the basis of the pseudo-second-order model. The equilibrium adsorption data fitted
well to the Langmuir model, and a maximum SMX adsorption capacity of 15.46 mg/g was obtained. At high pH,
the solution had significantly impaired then declined capacity of SMX adsorption. Electrostatic repulsion oc-
curred between the dissociated SMX and the more negatively charged mGO-Si at basic pH. Adsorption me-
chanisms between SMX and mGO-Si were plausibly activated by hydrogen bonding, m—r EDA interactions, and
solution pH-based electrostatic interactions dependent upon the status of SMX and the pHpzc of mGO-Si.
Moreover, the CIP and OTC competitors in the mixed solute system managed to improve the SMX adsorption by
acting as a bridge to form CIP — SMX—mGO-Si/ OTC—SMX —mGO-Si surface complex. At low aqueous phase
concentration of SMX, CIP was likely to form a stronger electrostatic interaction system with the adsorbent,
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thereby resulting in an adsorption level which was more competitive in the process opposing CIP to SMX than in

that opposing OTC to SMX.

1. Introduction

As synthetic antibiotics are extensively used for the treatment of
bacterial diseases in human and veterinary animals, they are inevitably
released into the surrounding environment. Among numerous anti-
biotics, sulfamethoxazole (SMZ) which belongs to the family of sulfo-
namide antibiotic group, is one of the frequently detected antibiotics in
aquatic environments with reported concentrations reaching high levels
expressed in pg/L in surface water and mg/L in wastewater [1]. Due to
widespread consumption, improper administration, poor metabolism
(10-50%), and slow degradation in the environment, the persistence of
SMX in various habitats has been recently acknowledged as a serious
environmental threat. For the environment, exposure to antibiotics
even at low-levels, may potentially engender harmful consequences,
including the development of strain-resistant viral or bacterial pa-
thogen species via genetic mutation [2], acute and chronic toxicity in
aquatic life & ecosystems, and disruption of native microflora [3]. Ac-
cording to Segura’s et al. review [4], sulfonamide antibiotics con-
centrations in surface waters were higher than those in wastewater
effluent, thus indicating that they are not easily degraded or eliminated
and tend to accumulate in the environment. Therefore, the elimination
of antibiotics from water is urgently needed to mitigate underlying
health and environmental risks.

Many studies have reported that the applicability of biological and
physical treatment methods for the removal of residual pharmaceu-
ticals, is limited due to the aromaticity and the structural complexity of
these compounds [1]. Consequentially, other more effective treatments
have been investigated, including chemical treatments such as ozona-
tion [5,6], oxidation [7], and ion exchange [8]. have been investigated.
However, some of these intermediate compounds are suspected to be
more toxic than their parent compounds. Adsorption process is known
as an effective treatment technique to control or remove antibiotics
from wastewater since it has generally been recognized as one of the
most convenient way while being valued for its ease of operation, low
energy consumption and reasonable operating costs.

Over the last decade, great attention has been paid to the utilization
of mesoporous materials in various areas, such as catalysis, ion ex-
change, and industrial applications. As is well known, the ordered
mesoporous silica materials are superior performance adsorbent for
micropollutant removal due to their highly ordered pore structure,
uniform pore size, enlarged surface area, and easy functionalization.
Graphene oxide (GO), a monolayer of hexagonally arrayed sp>-bonded
carbon atoms, has recently been considered an emerging adsorbent.
Since it has abundant oxygen-containing functional groups such as
—OH, —COOH, —O— and C=0 on its surface [9], which help for higher
adsorption of organic and inorganic pollutants. Hence, more research is
focused toward the use of GO and its composites for the removal of
various pollutants from water environment [10-14]. The —OH and
—COOH groups of GO can be ionized and negatively charged in water,
which also helps to improve the dispersion of individual GO sheets in
water [15]. However, GO adsorbents cannot be easily separated and
recovered from treated water. Decorating Fe;O4 nanoparticles on GO
nanosheets will impart the desirable magnetic properties onto GO to
ease the solid-liquid separation process, although it decreases its ad-
sorption capacity due to the fact that some sorption sites on the surfaces
of GO are taken up by magnetic nanoparticles [16]. Furthermore, the
GO nanosheets have a 2D structure and tend to stack together because
of strong Van der Waals forces between single layers [17] leading to
lower active sites for adsorption.

Hence, to overcome these drawbacks, periodic mesoporous silica

frameworks grown on graphene had been developed for their unique
structure, high surface area, and adjustable pore size [18] promoting
their widely used application in catalysis, drug storage [19] and se-
paration [20]. Nevertheless, production of mesoporous silica-magnetic
graphene oxide nanocomposite which integrate the advantages of the
three materials (graphene oxide, magnetite (Fe304), and mesoporous
silica) as an adsorbent for separation applications, was rare. Herein, the
mesoporous silica-magnetic graphene oxide composite material
(namely mGO-Si) was synthesized so as to improve the interfacial
property of GO, enhance the dispersity, achieve antibiotic removal via
pore adsorption, and be utilized as an adsorbent for the removal of
sulfamethoxazole (SMX) antibiotic from aqueous solutions. Cetyl-
trimethyl ammonium bromide (CTAB) and tetraethyl orthosilicate
(TEOS) were used as the structural template and the silica source, re-
spectively. The main goal of this study was not the maximization of the
adsorptive removal potential but rather the exploration of modification
possibilities aimed at enhancing the adsorbability of mGO-Si in com-
parison to that of the pristine magnetic graphene oxide (mGO).
Transmission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), Fourier transformation infrared
spectrum (FT-IR), and vibrating sample magnetometer (VSM) were
used to characterize the nanocomposites. The effects of process para-
meters on SMX adsorption, such as contact time, initial adsorbate
concentration, and pH of solution, were investigated. The Langmuir and
Freundlich adsorption models, the pseudo-first-order and pseudo-
second-order kinetic models, and the XPS analysis were explored in
order to identify the adsorption mechanism. The coadsorption of SMX
in the presence of other groups of antibiotic (fluoroquinolone and tet-
racycline groups) was also investigated.

2. Material and methods
2.1. Materials and chemicals

All chemicals used were of analytical or higher purity grades
whereas solvents were of HPLC grade. Sulfamethoxazole (SMX 99%),
cetyltrimethyl ammonium bromide (CTAB > 98%), tetraethyl ortho-
silicate (TEOS > 99%), glutaraldehyde solution (CsHgO» 50%), and
graphite powder were obtained from Sigma-Aldrich. Hydrogen per-
oxide solution (H,05 30%), hydrochloric acid (HCl 37%), sulfuric acid
(H2SO4 96%), and phosphoric acid (H;PO4 96%), were provided from
Carlo Erba. Acetone (C3HgO 99%) was provided from ACROS Organics.
Potassium permanganate, iron(II) sulfate heptahydrate
(FeSO,4.7H,0 > 98%), iron(Ill) chloride hexahydrate (FeCls.6H,O
98%), di-potassium hydrogen orthophosphate (K;HPO, 99%), and po-
tassium dihydrogen orthophosphate (KH,PO, 99%) were purchased
from Ajax-Finechem. Ethanol (CH3;CH,OH) and acetonitrile (CoH3N)
were of HPLC grade and obtained from RCI Labscan Limited. Distilled
water was utilized throughout the experiments for the preparation of
solutions and the cleaning of glassware.

SMX can exist in cationic, neutral or anionic forms as a result of its
ionizable functional groups. Its structural and physiochemical proper-
ties are presented in Table 1.

2.2. Synthesis of magnetic graphene oxide (mGO)

Graphene oxide (GO) was created by oxidation of natural graphite
following the improved Hummer’s method [21]. Magnetite particles
(Fe304) were prepared by the reported hydrothermal method [22].
Synthesis of mGO was based on the previous study [10]. Briefly, 0.1 g of
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Table 1

Structure and physiochemical properties of SMX.
Name Sulfamethoxazole
Structure

W
C10H11N303S

Formula

Molecular weight (g/mol) 253.27

pK." pKa1 = 1.60, pKa» = 5.70
Water solubility (mg/L)" 610

2 [36].

b [32].

GO was dissolved in 32 mL ethylene glycol with a 20-min ultrasonic
treatment. The Fe;04 particles were also dissolved in 14 mL of ethylene
glycol. After that, the solutions were mixed together, then 1.2 g glu-
taraldehyde was added and the mixture was further stirred for 10 h at
ambient temperature. The product was obtained after centrifugation
and elution with deionized water, and it was dried in oven at 105 °C for
24 h to remove residual water.

2.3. Synthesis of mesoporous silica-magnetic graphene oxide nanocomposite
(mGO-Si)

The mesoporous silica-magnetic graphene oxide nanocomposite was
prepared following the procedure prescribed by Pourjavadi et al. [22]
yet with some modifications. 50 mg of mGO were dispersed in 50 mL of
CTAB solution (27.5 mmol/L). After an ultrasonic dispersion process of
30 min, 400 mL of deionized water and 50 mL of NaOH solution
(10 mmol/L) were added before being ultrasonicated for 10 min. The
mixture was stirred at 60 °C for 30 min. Afterward, the 2.5 mL TEOS/
10 mL ethanol solution was added and then stirred vigorously for 12 h.
The obtained product was magnetically separated and washed with
deionized water before being refluxed by acetone at 58 °C for 24 h.
After refluxing, the mGO-Si was magnetically separated, washed with
deionized water, and then dried at 60 °C in a vacuum oven for 24 h.

2.4. Characterization of adsorbents

The physicochemical characteristics of synthesized adsorbents were
characterized by several techniques. The crystalline structure was ex-
amined by X-ray powder diffraction (XRD, Bruker AXS D8 dif-
fractometer) using Cu-Ka radiations. Morphology was examined by
transmission electron microscopy (TEM, JEOL 2100, Japanese
Electronic Optical Co., Ltd., Japan). A vibrating sample magnetometer
(VSM, LakeShore-7304, USA) was used to evaluate magnetic properties.
X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, UIVAC,
Japan) was employed to affirm the successfully-obtained preparation of
composite material and its adsorption mechanisms. Fourier transform
infrared spectrophotometry (FT-IR, Perkin Elmer Spectrum One, USA)
was used to analyze the presence of surface functional group. BET
surface areas of the prepared adsorbents were investigated using ni-
trogen adsorption-desorption isotherms on a nitrogen adsorption ap-
paratus (V-Sorb 2800P, Gold APP Instruments, China). Adsorbents
were determined by the pH at the point of zero charge (pH pzc) through
the acid-base titration method [23].

2.5. Adsorption experiments

The adsorption of SMX onto mGO-Si was performed using the
standard batch method. The adsorption experiment was carried out in a
125 mL stopper Erlenmeyer flask containing 0.57 g/L of the synthesized
adsorbents. The solution pH and ionic strength was controlled by using
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a 0.01 mol/L phosphate buffer. After an ultrasonic dispersion process
lasting 30 min, experimental samples were subjected to shaking stress
conditions performed at 200 rpm (at room temperature = 30 °C), before
being filtered through a nylon membrane (pore size of 0.45um). All
experimental samples were performed in duplicate, and average values
were reported. Additional analyses were conducted whenever two
measurements showed a difference larger than 5%.

To investigate adsorption kinetic studies, a set of 10 mg/L SMX
solutions at pH 7 was placed in a shaker for a determined time interval
(10 min to 48 h). Adsorption isotherm experiments were carried out at
pH 7 with series solutions at different SMX concentrations ranging from
5mg/L to 60 mg/L. The effect of pH on SMX adsorption (between pH 5
and 9) was evaluated. Moreover, the competitive adsorption between
SMX and ciprofloxacin (CIP), including SMX and oxytetracycline (OTC)
in mixed solutes was conducted using an experiment protocol similar to
that of the adsorption isotherm experiment. Initial concentrations of
SMX were prepared within the range 5-60 mg/L, and the competitors
CIP and OTC were spiked with the fixed concentration of 20 mg/L.

The adsorption capacity (q.) was calculated based on Eq. (1):

_ V(G - Co)
e m (1)

where g, is the amount adsorbed at equilibrium (mg/g), C, is the initial
concentration of SMX in the solution (mg/L), C. is the equilibrium
concentration of SMX in the solution (mg/L), V is the volume of the
solution (L), and m is the mass of the adsorbent (g).

2.6. Data analysis

2.6.1. Adsorption kinetics

The pseudo-first-order and pseudo-second-order models were used
to fit to the experimental data, which can be expressed as Egs. (2) and
3):

Pseudo-first-order model:
In(q, — q)=Inq, — kit 2
Pseudo-second-order model:

t 1 1

— =+ —t

q¢ que qe (3)
where g, and g, are the adsorption capacities of SMX at equilibrium and
at time (mg/g), respectively. The t is the adsorption time (min). The k;
and k, are the pseudo-first-order (1/min) and pseudo-second-order rate
constants (g/mg min), respectively.

2.6.2. Adsorption isotherms

To determine the adsorption mechanism of SMX onto mGO-Si, the
commonly used adsorption isotherms, such as Langmuir and
Freundlich, were applied. The adsorption model equations are given as
Egs. (4) and (5).

Langmuir isotherm model:

1 1 1 1

qe N KLqm .Ce Am (4)

Freundlich isotherm model:

logq, = %logCeHogKF )
where g, (mg/g) is a theoretical maximum adsorption capacity, K, (L/
mg) is the Langmuir isotherm constant, C. is the equilibrium con-
centration (mg/L), K¢ (L/mg) and n are the Freundlich isotherm con-
stant and heterogeneity factor indicating the adsorption intensity of the
adsorbent, respectively.

2.6.3. Competitive strength
To compare the competitive adsorption capacity of dominant SMX
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and competitor CIP or OTC, the competitive strength (A, %) is calcu-
lated using the Eq. (6):

Koot - Ka o
— ( d,single d, le) %100
Kd,single (6)

A

where Kggingle is the adsorption coefficient relative to the single ad-
sorption of SMX, L/kg. Kqmix is the adsorption coefficient of SMX in
connection with the existence of a competitive substance, L/kg.

2.7. Analytical methods

Concentrated amounts of SMX in initial and equilibrium solutions
during the single solute experiment were analyzed by UV-vis spectro-
photometer at the wavelength of 258 nm. The concentration of SMX,
CIP and OTC in mixed solutes was quantified at 274 nm with an Agilent
Technology 1260 high-performance liquid chromatograph (HPLC) in
conjunction with a UV detector equipped with a reverse-phase C18
column (5pum, 4.6 X 150 mm). The mobile phase was 85:15 (v:v) of
0.1 mol/L phosphoric acid solution and acetonitrile, and the flow rate
was 2 mL/min. The retention time of OTC, CIP and SMX was 2.1, 2.6
and 4.2 min, respectively.

3. Results and discussion
3.1. Adsorbent characterization

From the low and high magnification TEM images of the mGO
shown in Fig. 1a and b, which shed light upon the numerous Fe;04
nanoparticles (dark area) aggregated on the surface of the graphene
oxide nanosheet appearing to be smooth while incorporating many
wrinkles. Unlike the mGO, the imposing morphology of mGO-Si
changes dependently on silica owing to the presence of the silica fra-
mework in mGO-Si, and displays a rough surface (Fig. 1c and d) which
also indicates that porous silica-magnetic graphene oxide can be suc-
cessfully accomplished. Nitrogen physisorption was used to define the
microcosmic structure of the material. The nitrogen adsorption-deso-
rption isotherm of mGO and mGO-Si together with the BET surface area
are shown in Fig. S1 of the Supplementary materials section,

o Wt 200KV | 50000x

Colloids and Surfaces A 580 (2019) 123716

respectively. The isotherm of mGO-Si is of type IV with a hysteresis loop
which is characteristic of mesoporous materials. Besides, it should be
noted that these nanocomposites were sonicated in environmental
water samples to enhance dispersity, before being agitated during ad-
sorption experiments, and that the obtained BET surface was measured
on dried samples. Accordingly, the purpose of discussing the topics of
BET surface and pore volume was not substantially considered con-
structive for our research.

Fig. 2a shows the XRD patterns of mGO and mGO-Si. A series of
characterization peaks for mGO (26 = 30.09°, 35.56°, 43.45°, 57.40°
and 62.78°, corresponding to their indices 220, 311, 400, 422, 511 and
440, respectively) were observed. These peaks are consistent with the
findings of previous research report [22]. The elemental composition
and chemical status of adsorbents are further analyzed by XPS to con-
firm the successful attachment of Fe;O,4 nanoparticles and the silica
framework; Fig. 2b showed the full XPS spectra of mGO and mGO-Si
nanocomposites. The mGO intensity peaks of C 1s, O 1s, and Fe 2p were
285.4, 532.3, and 710.5 eV, respectively. In comparison with mGO, two
extra Si 2p and Si 2s peaks were observed in the full spectra of mGO-Si
at 101.3 and 151.7 eV, respectively. The specific peaks of Fe 2p 1/2 and
Fe 2p 3/2 of both nanocomposites at the positions of 710.5 and 723.6
eV were in accordance with the peaks of Fe 2p of Fe30, [24].

The FT-IR spectra of mGO and mGO-Si are shown in Fig. 2¢c. The
spectrum of mGO reveals a broad peak around 3300-3400 cm ™! and
1627 cm !, which corresponds to O—H stretching and bending vibra-
tions of the hydroxyl groups. The stretching vibration of Fe—O in Fe;04
appeared at 587 cm™! [25]. Moreover, the dominant peak with the
shoulder at about 1083cm™' can be assigned to the asymmetric
stretching of siloxane (Si—O—Si). The associated bending vibration is
present at about 803 cm ™~ ! [26]. The Si—OH bending can be observed at
about 950 cm ™. Also, two absorbance peak at 2850-2920 correspond
to C—H and C—C stretching [27].

The field dependence of magnetization for the Fe304, mGO and
mGO-Si was measured by a vibrating sample magnetometer (VSM). As
shown in Fig. 2d, the saturated magnetization values were 58.00 emu/g
for Fe304, 33.44 emu/g for mGO, and 26.98 emu/g for mGO-Si, re-
spectively. The coercivity and the remanence were found to be almost
zero at room temperature, which revealed the superparamagnetic

n MicroscopeAccelerating Vollage
JEM-2100 200kV

H MicroscopeAccelerating VoltageMagnification Camera Length
JEM-2100 200KV 150000 x -

50 nm:

Fig. 1. TEM images of mGO (a and b) and mGO-Si (c and d) at different magnification levels (50,000 X and 150,000 x ).
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Fig. 2. Adsorbent characterization: (a) XRD, (b) XPS, (c) FT-IR, and (d) VSM (inset: Photograph of a magnetic sample of mGO-Si).

properties of the three nanocomposites [28]. The fact that the magnetic
intensity of mGO-Si fell to its lowest level, was due to the presence of
silica layers on mGO nanoparticles. Moreover, these materials can be
separated rapidly under a strong external magnetic field, which makes
them practical for applications in the field of adsorption considering
their great separability and recyclability.

3.2. Adsorption kinetic study (effect of contact time)

Fig. 3 shows the time profile of adsorption of SMX from aqueous
solution onto mGO and mGO-Si. The amount of adsorption increased
with time and reached equilibrium after 120 and 240 min, respectively,
thus indicating the fast diffusion of pharmaceutical molecules from the

(@

—&— mGO
—@— mGO-Si

T T T T T
1440 1800 2160 2520 2880

t(min)

T T T
0 360 720 1080

tlg,

liquid phase to the mGO-Si surface. One significant and practical aspect
worth mentioning of this fast adsorption, is the application of small
reactor volumes, which ensure high efficiency and low cost.

Two conventional kinetic models, namely the pseudo-first-order and
the pseudo-second-order, were applied to further investigate the ad-
sorption mechanisms. The kinetics parameters obtained from the two
models are listed in Table 3 by Egs. (2) and (3). The R? value (> 0.998)
of the pseudo-second-order model was higher than that obtained from
the pseudo-first-order model. In addition, the values of g, ., obtained
using the pseudo-second-order model were closer to the g, value.
This result was consistent with all other reports of SMX adsorption onto
other graphene-based adsorbents; i.e. graphene oxide [3,29], magnetic
reduced graphene oxide-ferrite hybrid [30], and graphene nanosheet

1200

(b)

mGO-Si

T T T T T T T T
0 360 720 1080 1440 1800 2160 2520 2880

£(min)

Fig. 3. (a) Adsorption kinetic of SMX onto mGO and mGO-Si, and (b) the linear fitted curve with the pseudo-second-order applied to SMX adsorption by mGO and

mGO-Si.
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[29]. Thus, the process of SMX adsorption onto mGO and mGO-Si
conformed to the pseudo-second-order kinetics, implying that the
dominant rate-limiting step in the removal mechanism could be due to
chemical adsorption and the adsorption amount relative to the number
of adsorption sites on the adsorbent [31]. The fact that the k, parameter
of mGO was larger than that of mGO-Si can be explained by the surface
flatness free of mGO. This constitutes an efficient way to accelerate the
adsorption process.

3.3. Adsorption isotherms (effect of initial concentration)

Fig. 4a showed the adsorption isotherm obtained for SMX adsorp-
tion on mGO and mGO-Si. Adsorption studies on SMX were conducted
at pH 7 with 0.01 mol/L ionic strength controlled by phosphate buffer.
As shown in Fig. 4a, mGO-Si has a better uptake removal capacity for
SMX in comparison with mGO. This can be explained by the fact that
the silica on the surface may partly be a consequence of the formation
of silanol group (Si—OH) functionalities that are capable of binding
with an antibiotic. The isotherm obtained for the mGO is of S-type. The
same result has been reported by Mourid et al. [32], who have carried
out work on the SMX removal from water by calcined layered double
hydroxides (CLDHs). This result indicates the existence of cooperative
retention of SMX, thus favoring the subsequent adsorption of other
molecules [33].

Because mGO-Si exhibited a high adsorption capacity, the matter
was investigated with further experiments. Two different isotherm
models, Freundlich and Langmuir, were employed to fit the adsorption
equilibrium isotherm of SMX in order to describe the adsorption me-
chanism. The isotherm parameters obtained from the two models are
listed in Table 2. by Egs. (4) and (5). The Langmuir isotherm model was
found to be the best fitted one, with the highest R? (> 0.980) compared
to Freundlich model which showed that adsorption of SMX was domi-
nated by the monolayer adsorption on mGO-Si. Similarly, other in-
vestigators revealed that the Langmuir model was the best fitted one for
the adsorption isotherms of SMX onto graphene oxide [3,29], graphene
nanosheet [29], and porous carbon [34].

3.4. Adsorption mechanism

To explain adsorption mechanism, especially those associated with
graphene-based adsorbents, various mechanisms including s— inter-
actions, electrostatic interactions, and hydrogen bonding between ad-
sorbates and adsorbents have been suggested [35]. In order to under-
stand the adsorption mechanism, SMX adsorption experiments were
conducted at different pH values (5-9) since the pH has a remarkable
influence on the status of not only the adsorbate (by protonation/de-
protonation) but also the adsorbent (by surface charge). The pH at the
point of zero charge (pH,pzc) of mGO-Si was measured under a wide
range of pH conditions. Fig. 5a and b show the effect of pH on the
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adsorbed amount of SMX and the surface charge density of mGO-Si,
respectively. The mGO-Si reached maximum adsorption capacity at pH
6 while it kept decreasing at pH 7-9. Considering the pK, values of 1.74
and 5.90 for SMX mentioned in Table 1 and the speciation based on its
pK, value as shown in Fig. 5C, it turned out that the SMX was positively
charged (protonated —NH, groups, —NH3 " groups) at pH < 1.6 but
negatively charged (deprotonated —NH groups, —N ) at pH > 5.7
[36]. Surface charge density in Fig. 5b shows the pH pzc of mGO-Si to
be 6.8. The surface of mGO-Si becomes positive at pH < 6.8 and ne-
gative at pH > 6.8. At 4.5 < pH < 6.8, some functional groups, i.e.
carboxylic group, are deprotonated to a negative charge (—COO ™) due
to pK, = 4.5 [37]. The positive charged surface may be due to the si-
lanol groups (Si—OH) on the surface of mGO-Si which ionize at dif-
ferent pH [38,39]. This is expressed as follows:

pH < pHpzc: Si—OH + H* — Si—OH, ™,
pH > pHpzc: Si—OH + OH™ —Si—0~ + H,0

Therefore, the high adsorption capacity of mGO-Si at pH 6 could be
explained by the electrostatic interaction taking place between the
negatively charged SMX (SMX ™) as a dominant form and the positively
charged mGO-Si. Besides, when the pH is above 7.0, the surface mGO-Si
becomes negative because of the deprotonation of some hydroxyl
groups to —O~ (pK,~9.3). This deprotonation process is totally com-
plete (100%) at pH > 9.3 [37]. Thus, repulsive interactions between
negatively charged SMX and mGO-Si were predictable.

Based on the structure of SMX and the surface functional groups of
mGO-Si, other adsorption mechanisms, non-electrostatic interactions
like hydrogen bonding, si—n electron-donor-acceptor (EDA) and hy-
drophobic interactions, can be defined. However, possible mechanisms
would include hydrogen bonding and si—st EDA interactions rather than
hydrophobic interactions since mGO-Si showed its hydrophilic nature.
Indeed, it was reported that the adsorptive removal of pharmaceutical
drugs had been explained via hydrogen bonding previously [40-42].
The mGO-Si has several oxygen-containing groups, including hydroxyl
(—OH), carboxylic (—COOH), silanol (Si—OH) groups, which are known
to engage in hydrogen bonding [43]. Therefore, hydrogen bonding can
be considered a valid mechanism for adsorption of SMX over mGO-Si.

The n—r EDA interaction acting as an important driving force has
always been mentioned to explain the adsorption mechanism of gra-
phene oxide adsorbents. It was well documented that SMX could act as
a strong m—electron acceptor on account of its amino functional group
(—NH,) and N or O-heteroaromatic rings [40,41,44], while mGO-Si
was considered a ni—electron donor with delocalized electrons primarily
of graphitic carbon and functional groups on the surface, such as C—C,
C—O0, and —COOH. Similar mechanisms (i.e. the adsorbent acting as
m—electron donor) were previously reported for the removal of SMX
[14,35,44], ciprofloxacin (CIP) [45], and carbamazepine [35].

The XPS analysis was used to confirm the adsorptive interactions
between mGO-Si and SMX. To describe the relative contents of the core
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Fig. 4. (a) Adsorption capacity of SMX onto mGO and mGO-Si, and (b) the dotted line is the Langmuir; the solid line is the Freundlich model simulation.
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Table 2
Kinetic parameters of SMX onto mGO and mGO-Si.

Colloids and Surfaces A 580 (2019) 123716

Adsorbents SMX (mg/L) Ge,exp (MG/8) Pseudo-first-order Pseudo-second-order
k1 (1/min) e cal (M8/g) R? kz (g/mg min) e,cal (Mg/8) R?
mGO 10 2.67 0.0002 13.48 0.152 0.028 2.69 0.998
mGO-Si 10 5.58 0.0021 1.51 0.715 0.024 5.41 0.999
Table 3 and/or the H-bonding acceptors (O and N) of SMX molecule to form
Isotherm parameters of SMX onto mGO-Si. hydrogen bond. Results similar to these were found previously for ad-
Adsorbent  Langmuir Fruendlich sorption of ?MX onto metal-organic framework-deljlved carb'ons (MDC)
and we believe the results for SMX onto mGO-Si can be interpreted
gm (mg/g) Ky (L/mg) R’ Kp (L/mg) n R? similarly. Ahmed et al. [44] reported that SMX molecules and MDC can
act as both H-bonding donor and acceptors. The adsorption behavior
mGO-Si 15.46 0.064 0.955  2.27 235  0.885

group, the C 1s and O 1s spectra are summarized in Fig. 6a—d. The C 1s
of mGO-Si before and after SMX adsorption could be resolved into 5
peaks (Fig.6a and b). In Fig.6a, the binding energy and percentage of
the five peaks are assigned to C—C/C=C of aromatic graphene carbon
(284.6 eV, 23.6%) while C—O/C—0—Si demonstrates the ether group or
the binding of GO and silica (285.2 eV, 23.2%), C—OH of alcohol hy-
droxyl groups (286.1eV, 22.6%), —C—O—C— of epoxide group
(287.2 eV, 15.1%), and —O—C=0 of carboxyl group (288.5 eV, 15.5%),
which are proven by common literature [46,47]. When SMX is adsorbed
onto the surface (Fig. 6b), the percentage of the C—C/C=C increases
from 23.6% to 30.5%, suggesting that the si—t EDA interactions might
play a role in the adsorption process. Furthermore, the percentage of
the C—O/C—0—Si increases from 23.2% to 30.9%, while the —O—C=0
is obviously weaken in intensity (a decrease from 15.5% to 4.6%). The
possible reason might be that the oxygen-containing groups (hydroxyl,
silanol and carboxyl groups) of mGO-Si interacts with the —NH, groups

was explained by a hydrogen bonding mechanism between the H-
bonding acceptor and H-bonding donors based on the effect of the so-
lution pH on the status of SMX and the surface functional groups of
MDC.

Before adsorption, deconvolution of the O 1s peak yields three in-
dividual component peaks which come from different groups and
overlap on each other (Fig. 6¢). The three peaks at 530.3, 532.7, and
534.9 eV were corresponded to the C=O0 of carbonyl, C—O of alcohol
hydroxyl and/or ether, and —O—C=0 of carboxyl groups [48-50].
Obviously, the peaks expected at 530.3, 532.7, and 534.9 eV shifted,
respectively to 527.8, 530.0, and 531.2eV after SMX adsorption
(Fig. 6d). The relative content of oxygen in C—O is reduced from 54.4%
to 39.1%, while that in form of C=0 and —O—C=0 increases (from
18.4% to 21.3% and from 27.2% to 39.6%, respectively) after SMX
adsorption. These changes, together with the binding energy shift,
suggest that their corresponding functional groups may directly be in-
volved in interaction with SMX through hydrogen bonding, which is in
good agreement with the C 1s results. The conceptual adsorption me-
chanism of SMX onto the prepared nanocomposites at the pH range
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Fig. 5. (a) Effect of pH on SMX adsorption onto mGO-Si, (b) pH,pzc of mGO-Si, and (c) speciation based on their pK, value of SMX.
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Fig. 6. The XPS spectra of (a) C 1s on mGO-Si, (b) C 1s on mGO-Si (after SMX adsorption), (¢) O 1s on mGO-Si, and (d) O 1s on mGO-Si (after SMX adsorption).

5 < pH < 6.8, pH 6.8, and 6.8 < pH < 9 is shown in Fig. 7a-c,
respectively.

3.5. Coadsorption of SMX and other antibiotics in mixed solution

Pharmaceuticals usually appear in the environment as a mixture
[51]. Pharmaceuticals in mixtures behave in a complicated manner and
their behavior is definitely different from those administrated to in-
dividuals. Interactions between antibiotics will change their environ-
mental behaviors and risks [52]. For these reasons, investigations into
the adsorption of pharmaceutical mixtures are indispensable to foster
advancements in innovative applications. Most studies on coadsorption
focused on apparent adsorption phenomena; a claim which can be il-
lustrated by findings stressing for instance that the adsorption rate of
main pollutants decreases due to competitive adsorption contrary to
synergistic adsorption.

Coadsorption experiments were conducted at pH 7 with initial SMX
concentrations within the range of 5-60 mg/L, while the competitors
(CIP or OTC) were added with the initial concentration of 20 mg/L. CIP
and OTC structural and physiochemical properties have been provided
in Table S1 (Supplementary materials section). The adsorption capa-
cities of mGO-Si for CIP and OTC in SMX adsorption systems are shown
in Fig. 8a and b, respectively. The addition of either CIP (=19.10 mg/L)
or OTC (=19.30 mg/L) in SMX adsorption systems showed little effect
on the SMX adsorption capacity at low initial SMX concentrations
(5-20 mg/L). Initial SMX concentrations above 30 mg/L significantly
fostered the adsorption capacity. According to these results, the
strength of the competition could be calculated to depict the adsorption
behavior of SMX, CIP and OTC in mixed solute systems (Table 4). At
low aqueous phase concentration of SMX (= 1% of SMX water solubility
(Cy), 0.01Cy), the competition strength of CIP and OTC contained in
SMX adsorption systems was 19.52% and 2.98%, respectively, thereby

validating the occurrence of a competitive process of adsorption. This
may result from the fact that both SMX and competitors (CIP or OTC)
occupy adsorption sites. It should also be noted that the competitive
strength in SMX adsorption systems is higher for CIP in comparison to
OTC, even though mGO-Si adsorbed OTC molecules more effectively
than CIP ones in mixed solute systems. The possible explanation is that
the plenty of cationic species (CIP*, 10%) and zwitterionic species
(CIP*/~, 90%) exist in solution at pH 7 [53]. In this stage, the CIP was
adsorbed by mGO-Si (negatively charge surface) through electrostatic
interaction by the formation of —COO™—NH, " between mGO-Si car-
boxylate group and NH,* moiety of CIP. Beside electrostatic interac-
tion, the hydrogen bonding and m—mt EDA interactions are other me-
chanisms for the CIP adsorption [12,54]. Moreover, the CIP, smaller
molecule, is adsorbed more easily in the pores of smaller diameter than
the molecule of the bulky OTC. CIP can however complete directly with
the zwitterionic OTC molecule for the same adsorption sites. The same
trend is observed in the competitive adsorption of paracetamol and
tetracycline [55].

On the contrary, the existing two antibiotic competitors exhibited a
process of synergistic adsorption at higher aqueous phase concentration
(0.1C,) which based on the competition strength of CIP and OTC con-
tained in SMX adsorption systems, was —52.12% and —18.99%, re-
spectively. The minus value of the competition strength is due to the K4
values of SMX in mixed solute systems that are higher than those in
single solute ones. A possible reason could be that, in the mixed solute
system, the SMX can interact with the neutral oxygen-containing groups
(—OH, pK, = 9.3) on the mGO-Si surface through hydrogen bonding.
Furthermore, SMX can form complexation molecules with its competi-
tors through complexation interactions (i.e. electrostatic interaction
and hydrogen bonding) (i.e. CIP — SMX —mGO-Si or OTC — SMX — mGO-
Si). Provided that the multilayer adsorption occurs, the surface com-
plexation interactions may greatly contribute to the adsorption process
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(a)At5<pH<6.8
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Fig. 7. Pictorial representation possible mechanism of SMX on mGO-Si within the pH range (a) 5 < pH < 6.8, (b) pH 6.8 (at pH pzc), and (c) 6.8 < pH < 9.

by acting as a bridge, thus enhancing SMX adsorption. Similar ob- tetracycline (TC) adsorption onto montmorionite [56], and to the
servations about surface complexation phenomena were previously binary system of sulfamethoxazole and carbamazepine adsorption onto
reported in cases pertaining to the coexistence of humic acid on graphene oxide and graphite [35]. The schematic diagram of individual
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Table 4
Partition coefficient and competition strength of SMX adsorption in single so-
lute and mixed solute.

Adsorption Langmuir model K4" (L/Kg) Competition strength”
system (%)

Ky, 0m R? 0.01C° 0.1C° 0.01C° 0.1C°
Single solute
SMX 0.064 15.46 0.955 0.71 0.20 - -
Mixed solute
SMX + CIP 0.017 36.24 0.981 0.58 0.31 19.52 -52.12
SMX + OTC 0.043 20.20 0.979 0.69 0.24 298 —18.99

@ Partition coefficient based on the Langmuir model.
> Competition strength (%) calculated by (Ka,single = Kdmix)/Kd single X 100.
¢ Cs meaning water solubility of SMX (610 mg/L at 37 °C) [32].

and coadsorption is proposed in Fig. 9.

4. Conclusions

In this study, mGO-Si which combines the properties of both

10

graphene oxide and mesoporous silica while possessing the magnetic
features of Fe;0,4 was prepared and utilized to remove sulfamethox-
azole antibiotic from environment water samples. The removal process
was fast since the adsorption equilibrium could be achieved in 240 min.
The mGO-Si nanocomposite showed a fivefold superior adsorption ca-
pacity for SMX compared to the pristine magnetic graphene oxide
(mGO). Based on the XPS results, hydrogen bonding, electrostatic in-
teractions and s-r interactions played key roles in SMX adsorption
mechanisms onto mGO-Si. Removal of SMX from aqueous solutions was
inhibited as the solution pH became more basic due to repulsive forces
between the dissociated SMX and the more negatively charged mGO-Si.
The presence of either CIP or OTC in binary systems may have en-
hanced SMX adsorption as a result of surface complexation interactions.
Furthermore, utilization of external magnetic field technology could
allow mGO-Si and its adsorbed contaminants to be easily dissociated,
hence rendering feasible its extraction from treated solutions.
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